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Abstract
Confronted with the global demographic changes and the increasing pressure on modern health-
care system, there has been a surge of developing new technology platforms in the past decades.
Droplet microfluidics is a prominent example of such technology platforms, which offers an
efficient format for massively parallelized screening of a large number of samples and holds great
promise to boost the throughput and reduce the costs of modern biomedical activities. Despite
recent achievements, the realization of a compact and generic screening system which is suited
for resource-limited settings and point-of-care applications remains elusive.
To address the above challenges, the dissertation focuses on the development of a compact
multifunctional droplet micro-magnetofluidic system by exploring the advantages of magnetic
in-flow detection principles. The methodologies behind a novel technique for biomedical appli-
cations, namely, magnetic in-flow cytometry have been put forth, which encompass magnetic
indexing schemes, quantitative multiparametric analytics and magnetically-activated sorting.
A magnetic indexing scheme is introduced and intrinsic to the magnetofluidic system. Two
parameters characteristic of the magnetic signal when detecting magnetically functionalized
objects, i.e. signal amplitude and peak width, providing information which is necessary to
perform quantitative analysis in the spirit of optical cytometry has been proposed and realized.
Magnetically-activated sorting is demonstrated to actively select individual droplets or to purify
a population of droplets of interest. Together with the magnetic indexing scheme and multipara-
metric analytic technique, this functionality synergistically enables controlled synthesis, quality
administration and screening of encoded magnetic microcarriers, which is crucial for the practical
realization of magnetic suspension arrays technologies. Furthermore, to satisfy the needs of
cost-efficient fabrication and high-volume delivery, an approach to fabricate magnetofluidic
devices on flexible foils is demonstrated. The resultant device retains high performance of
its rigid counterpart and exhibits excellent mechanical properties, which promises long-term
stability in practical applications.
Keywords: droplet microfluidics, magnetic detection, magnetic flow cytometry, flexible mi-
crofluidics
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Chapter 1
General Introduction
1.1 Motivation
Nowadays the world is undergoing unprecedented demographic changes, which impose more
and more pressure on the healthcare system [1, 2]. In resource-limited regions, i.e. Africa, the
population is constantly expanding. Expensive medical devices and services have become major
barriers to improve the public’s healthcare conditions. In contrast, more developed western
regions, i.e., Europe, suffer from declining birth rates but growing portions of aging populations.
Consequently, there is a limited number of physicians who can provide daily medical services to
meet the growing demands of aging populations (Figure 1.1). In the light of these challenges,
new technologies or platforms are called for to reduce the costs and increase the throughput of
medical activities. By accomplishing these goals, the burden on the modern healthcare system
would be released.
Demographic
changes
Population
aging
Population
growth
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resources
Figure 1.1 Graphic representation of the influences of global demographic changes.
2 General Introduction
Microfluidics deals with liquids confined in sub-millimeter scales [3]. The advent of mi-
crofluidics has already led to a series of new technological applications [4–6], which bears great
potential to address the pressing needs of modern society. Microfluidic devices are typically
called ‘Lab-on-a-Chip (LoC)’ [7] or ‘Micro Total Analysis Systems (µTAS)’ [8, 9]. Such systems
integrate functional units to perform multiple steps as in conventional bioanalytical labs, such
as loading, dilution, mixing, detection and separation of samples for biochemical analysis [8].
By bringing conventional laboratory tasks onto a miniaturized system, several advantages can
be foreseen. First of all, by scaling down the device, the reaction volumes are greatly reduced.
This accordingly reduces the consumption of samples and the resultant costs. Owing to the
reduced sample volumes, reaction kinetics is much faster in microfluidics compared with those in
macroscopic systems [8, 10]. Moreover, serial processing and analysis can be easily performed in
a channel with flowing liquids. Massive parallelization of reactions and analyses hence becomes
possible as the space is sparsely used [11].
Droplet microfluidics, a vibrant emerging field, utilizes discrete ultrasmall volumes of
emulsion droplets (femtoliters to nanoliters) as ‘microcontainers’ of biochemical species [12–14].
Individual droplets are isolated from each other by an immiscible oil phase, which avoids channel
fouling when multiple samples are introduced [15]. Compared with single-phase continuous
flow microfluidic systems, droplet microfluidics allows scaling up experiments with a number
of droplet containers without scaling up devices. Droplet microfluidic system represents a
new-generation LoC technology platform, which holds great promise to replace conventional
medical instrumentations such as micro-titer plates and plate readers for generic screening
applications. The realization of a fully operational droplet microfluidic screening system needs to
develop multiple functionalities to perform multiple tasks [16]. Among these, functional detection
elements are of great importance to identify and analyze small quantities of samples encapsulated
in droplets [17], which can also provide feedback control for active sample manipulation and
quality administration. Moreover, to bring multifunctional devices to most people in need,
particularly under resource-limited conditions and point-of-care settings, the devices should
ensure compact integration, cost-efficient fabrication and high-volume delivery.
Among a variety of available detection approaches, ‘label-free’ detection elements, such
as electrochemical sensors [18] and capacitive sensors [19, 20] allow compact integration, but
detecting specific signals would be challenging. The non-specific ’label-free’ detection feature
makes them challenging for large-scale screening applications where indexing of different variants
is needed. ‘Labelled’ optical detection methods have been dominant and are capable of detecting
specific optical signals from optical markers [21]. Such a detection principle allows to realize
complex functionalities such as optical indexing [22, 23], multiparametric analytics [24], and
fluorescent-activated sorting [25–27], which has enabled optically ‘labelled’ detection methods
be applied in a variety of screening applications. However, labelled optical detection methods
typically involve extraneous bulky and expensive optical components such as spectrometers,
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filters and light sources, which continue to be challenging for resource-limited settings and
point-of-care applications.
Magnetic materials have been attracting tremendous interest in a variety of LoC applications
in recent years [28–30]. As most biological samples are free from any detectable magnetic
background, magnetic materials can provide specific magnetic signal which can be accordingly
detected by compact magnetic field sensors, making them promising candidates as encoding
material. Combining magnetic sensorics and microfluidics, the technique of magnetic in-flow
detection is promising to develop a compact droplet-based microfluidic system. The core
technology could provide crucial advantages in terms of compact integration, direct signal
readout, the capability to detect magnetic specific signals, as well as offering the critical process
control.
1.2 Objective and structure of the thesis
The main objective of this dissertation is devoted to developing a multifunctional droplet-based
magnetofluidic platform suited for resource-limited settings and point-of-care applications. More
specifically, the advantages of magnetic in-flow detection principles are explored by introducing
new methodologies and protocols to realize a magnetic in-flow cytometric system encompassing
the key functionalities, e.g. magnetic indexing [31], multiparametric analytics [32–34] and
magnetically-activated sorting of droplets [32]. These functionalities are crucial to address the
confronting needs relevant for generic biological screening applications. Giant magnetoresistive
(GMR) sensors are chosen as the functional sensing elements. Toward the realization of the
challenging goal, the fabrication and characterization of GMR sensors, the rational design of flow
circuits, the development of novel LoC integration methodologies as well as the establishment
of measurement and conditioning electronics are involved. Ferrofluid magnetic nanoparticles
are used for proof-of-concept demonstrations. Furthermore, by bearing cost-efficient fabrication
in mind, a novel approach to fabricating droplet magnetofluidic systems on flexible plastic
foils is developed. By utilizing the magnetic functionalities, it is anticipated that a compact
droplet-based magnetofluidic system would become fully operational. It is further expected
that the system would be combined with other functional modules to realize multifunctional
medical devices, which could solve complex medical tasks, e.g. drug design and discovery, clinical
diagnostics and combinatorial synthesis.
The dissertation is organized as follows:
Chapter 2 introduces in detail the concept of microfluidics and reviews the development of
different functionalities of droplet microfluidic systems. The concept and physical mechanisms of
GMR effect are described thoroughly. Thereafter, the development of magnetic in-flow detection
in microfluidic systems is reviewed. This chapter highlights the motivation to further develop
magnetic in-flow sensing technologies for droplet microfluidic systems.
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Chapter 3 describes the experimental procedures used to fabricate droplet-based magnetoflu-
idic devices. These procedures consist of detailed protocols of lithography, magnetron sputter
deposition and device assembly. In the second part, the principle of magnetoelectrical character-
ization techniques and the establishment of fluidic measurement setups are included which are
necessary to understand the results of measurements.
Chapter 4 introduces a magnetic indexing scheme to droplet microfluidics. The functional
design of the magnetic encoding system is described thoroughly and the advantages of introducing
a magnetic encoding scheme are discussed in an encoding diagram.
Chapter 5 demonstrates a multiparametric analytical technique for droplet magnetofluidics
employing magnetic indexing and in-flow sensing strategy. The link of the parameters used
for analysis, that is, signal amplitude and peak width, to real physical quantities provides
a means to access the magnetic content and the size of droplets. A detailed protocol of
performing multiparametric analysis by utilizing the above two parameters has been established
and introduced. A technique of supervised discriminant analysis has been applied to analyze
and discriminate the magnetically-encoded droplets which may potentially carry a variety of
variants. The crucial influencing factors such as the size of a GMR sensor and the strength
of magnetic field have been studied. This multiparametric analytical capability is crucial to
apply the microfluidic device as a flow cytometric system for, e.g., magnetically-encoded clinical
diagnostics and multiplexed assays.
Chapter 6 deals with the technique of magnetically-activated sorting of droplets (MASD).
When equipped with MASD, the complete magnetofluidic flow cytometric system enables
controlled synthesis, quality administration and screening of magnetic encoded microparticles
for magnetic suspension arrays technology. The active selection function further allows to create
droplet templates on demand, which is promising for synthesis of suspension arrays of high
information capacity.
Chapter 7 introduces a novel approach to prototyping a droplet magnetofluidic device on
flexible foils, which addresses the needs of cost-efficient fabrication and high-volume delivery
of the device worldwide to most people in need. The properties of the flexible devices are
characterized and studied.
Chapter 8 concludes the thesis with a summary of the achievements of the thesis studies.
Outlook is provided and several future directions and potential applications of the platform are
suggested.
Chapter 2
Research and Theoretical Background
2.1 Microfluidics
Microfluidics is a distinct new research field, which deals with fluids confined in sub-millimeter
scales [5]. An initial concept of a miniaturized total analysis system was proposed by Manz et al.
in the early 1990’s [8]. With a miniaturized total analysis system, a number of advantages have
been envisioned, for instance, only a very small quantities of samples or reagents is consumed;
it becomes feasible to perform biochemical analysis with higher sensitivity in shorter time
compared with that is macroscopic systems. Over the past decades, tremendous interest has
been driven towards the development of various microfluidic platforms for chemistry, biomedicine
and life sciences applications [35–38].
With a characteristic feature of micrometer scales, the behavior of fluids in microfluidics
possesses some unique features and phenomena which are distinct from those in macroscopic
scales. Typically, the flow characteristic is described by Reynolds number (Re), which compares
the effects of flow inertia and viscous forces [39]:
Re = ρυDh
µ
(2.1)
with ρ the density of fluid, υ the fluid velocity, Dh the hydraulic diameter and µ the fluid
viscosity. In microfluidics, Re is typically below 2000, and the flow inertia is negligible with
respect to viscous forces. Fluid flow in this instance is laminar and mixing of different fluids is
mainly driven by diffusion [40].
The formation of droplets with two or more immiscible phases in microfluidics is one of the
prominent consequences of laminar flow. Research on the basis of this physical phenomenon has
developed into a new subarea of microfluidics termed ‘droplet microfluidics’ [12].
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2.1.1 Formation of droplets in microfluidics
Initially reported by Thorsen et al. [41] in the early 2000’s, complex droplet patterns can be
created by employing a T-shape junction in microfluidics (Figure 2.1a). The size of droplets
could be controlled by adjusting the ratio of flow rates of two immiscible phases. In addition to
T-junction, another widely adopted geometry to produce droplets is flow focusing [42, 43] (Figure
2.1b). For both methods of droplet formation, a disperse phase is injected into a continuous
phase, and the former breaks up into segments as a result of the interplay between shear force,
interfacial force and pressure drop. The formation of droplets is governed by channel geometries,
flow conditions as well as liquid properties [44]. The formation of droplets in microfluidics can
be classified into three regimes according to the value of capillary number (Ca): squeezing,
dripping, and jetting [45].
Water
Oil
B
B
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a b
Figure 2.1 (a) Photograph showing formation of droplets with a T-junction by using water as the disperse
phase and oil as the continuous phase. Adapted from Ref. [41]. (b) Photograph showing formation of
droplets by using a flow focusing approach. Liquid A is the disperse phase and liquid B is the continuous
phase. Adapted from Ref. [43].
The capillary number is expressed as [46]:
Ca =
µv
γ
(2.2)
here γ is the interfacial tension, µ and v as described before, are the viscosity and flow speed of
carrier fluid, respectively.
The squeezing regime is featured with a small capillary number (Ca typically below 0.01)
[47]. Due to the fact that the shear stress exerting on a disperse phase is not sufficient to distort
the liquid, the disperse phase elongates and fills completely the main channel before it finally
breaks up into discrete plugs. In respect of the dripping regime, the shear stress starts to play
a dominant role over the interfacial force with larger Ca (typically 0.01<Ca<0.1) [48]. The
disperse phase is easily sheared off into small volumes of droplets and the shape of droplets
tends to be spherical. Jetting occurs at even higher Ca (> 0.1) [49]. In this case, the break-up
point of the disperse phase is much further away from the junction where two phases meet.
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In this dissertation, the formation of droplets in microfluidics is mainly operated in the
squeezing regime. In this regime, droplets are produced in a controlled manner which can
completely fill the channel. The size of droplets can be easily tuned by the combination of the
flow rate ratio between the disperse phase and the continuous phase. This feasibility allows us
to investigate the response of the sensor to different properties of droplets used to encapsulate
different amounts of magnetic material.
2.1.2 Droplet microfluidic systems
Besides basic studies on droplet formation mechanisms, there is a grand vision in this community
to realize a fully operational droplet microfluidic platform for multiplexed assays [50, 51], drug
screening [21, 52], single cell analysis [53] and combinatorial synthesis [54]. Droplet microfluidics
is a new technological alternative to conventional medical instrumentations, e.g. micro-titer
plates and plate readers, in terms of the following aspects:
1. Individual droplets can serve as small ‘microreactors’ with volumes ranging from femtoliters
[55] to a few nanoliters [56]. Hence, great amounts of sample or reagents can be saved,
compared with typical microliter volumes used in micro-titer plates;
2. The small reaction volumes bring other advantages such as fast reaction kinetics [57] and
heat transfer [58], allowing to study fundamental reaction kinetics in time domains that
are not feasible in macroscopic scales;
3. As thousands of droplets can be produced and passed by a detector at very high frequencies
up to a few kHz [59], the throughput of measurements can be boosted;
4. Individual droplets containing reagents or samples are isolated by surrounding immiscible
oils, which prevents channel fouling or cross-talks of reagents when multiple samples are
used.
As a promising technological platforms, droplet microfluidics enables the combination of
the format of microtiter plates and flow cytometry by using droplets as sample containers
and passing the samples one by one across a detector for high-throughput screening. This
format is more advantageous than single-phase microfluidic systems for which scaling up the
number of experiments requires scaling up the systems by increasing the number of parallel
microfluidic channels. To realize a reliable and fully operational droplet microfluidic system,
typical procedures that are already feasible with conventional medical instrumentations should
be correspondingly developed for droplet microfluidic systems [16]. These procedures include
introducing, mixing, dispensing and diluting of reagents. Hence, extensive research activities have
been devoted towards the development of on-chip functional modules for fusion [60–63], division
[64, 65], and dilution [66] of samples in droplets. Moreover, crucial functionalities are being
8 Research and Theoretical Background
developed to index, identify, analyze and manipulate small quantities of samples encapsulated
in droplets. Synergetic operations of these different functions in complex microfluidic systems
further require delicate process control to realize full system automation.
(1) Indexing
Different from microtiter plates, of which each reaction well is indexed by its physical position,
in droplet microfluidic systems unique codes should be assigned to individual droplets (‘micro-
containers’) so that different compounds or variants can be screened and identified from a large
library. For instance, large-scale drug design and discovery may require screening of as many as
about 106 variants from small compound libraries [67, 68], which accordingly requires to create
an equal number of codes in order to increase the multiplexing capability and throughput.
Barcodeparticles
QD-A
QD-B
a b
Microtiter plate
Figure 2.2 (a) Micrograph showing coencapsulation of quantum dots (QD-A and QD-B) of two different
colors (top panel). Synthesis of two-color encoded particles by flow focusing (bottom). Reproduced from
Ref. [69]. (b) Schematic of a micro-titer plate interfaced with a fluidic device to produce water-in-oil
(WO) droplets. Each reaction well of the microtiter plate has been loaded with a unique barcode, shown
in the sketch as a distinct color. The barcode is used to index and identify the contents of each droplet.
Reproduced from Ref. [50].
So far, there have been a variety of optical codes relying on encoded microparticles, such as
spectroscopic or graphical codes based on discrete metallic layers [70], photonic crystals [71, 72],
fluorescent molecules [73, 74] and quantum dots [75, 76]. Recently, droplet microfluidics has also
been applied to prepare encoded optical microparticles (Figure 2.2a) [69, 77–79]. Synthesis with
droplet microfluidics has been proven as a facile approach allowing high degree of control over
the size, shape and composition of synthesized encoded particles compared with bulk preparation
methods [80]. Most of these optical codes are primarily used and of particular importance
in suspension arrays technology [81]. To apply them for droplet indexing, each unique code
should be associated with a corresponding compound or variant prior to encapsulation into a
droplet (Figure 2.2b). Despite that graphic codes offer virtually unlimited coding capacity, the
start-stop code identification by visualization is not suited for continuous-flow operations and
providing direct on-chip feedback control to enable system automation in microfluidic networks.
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There are strategies to directly encode droplets on-chip. For instance, a droplet barcode
generator has been capable of generating codes based on concentration gradients of two-color
fluorescent dyes (Figure 2.3a) by varying the flow rates of different fluids to alter the composition
of droplets [22]. This method can be also applied to index neighboring analytes-carrying droplets
by droplets encapsulating different concentrations of fluorescent dyes (Figure 2.3b) [23].
a b
Carrierfluid
Dye G Dye B
Protein Precipitant
Figure 2.3 (a) Schematic of a droplet barcode generator by using fluorescence dyes (CF647 and CF488)
of different colors. Reproduced from Ref. [22]. (b) Schematic of indexing droplet composition by producing
alternating droplets encapsulating various amounts of fluorescent dyes (Dye B, Dye G). The analyte-carrying
droplets are indexed by neighboring droplets carrying fluorescent dyes. Adapted from Ref. [23].
The combination of two or more color codes with increasing dimensionality to extend the
encoding capacity has become an emerging trend as the number of unique codes is determined
by [82]:
C = Nm − 1 (2.3)
where N is the intensity level and m is the dimensionality of codes, or in other words, the
number of color codes combined. Nonetheless, the total number of codes that can be put into
real practice is restricted by several issues, such as limited dynamic range of an optical decoding
setup and spectral overlap [50, 76], which accordingly limit the values of N and m. For instance,
commercial Luminex beads can produce about 100 codes using two fluorescent dyes [73, 83],
which is by far not sufficient to address the need, i.e. the identification of about 1 million
variants in drug discovery. Although the capacity can be increased by adding more colors, it
requires more fluorescence detectors to be included, which makes the measurement rather bulky
and expensive. A spectrometer can be used to resolve multiple wavelengths simultaneously, but
the decoding process is slow and the throughput is limited. Thereby, it is highly demanded to
further expand the dynamic range and the library of existing codes, which can be achieved by
relying on complementary non-optical codes. Furthermore, some complex biological assays may
be vulnerable to light due to the absorption or autofluorescence of the sample matrix and thus
these would greatly benefit from the development of a non-optical encoding method.
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The creation of non-optical codes is in the scope of this dissertation. In Chapter 4, a
magnetic indexing scheme is introduced to droplet microfluidics, which lays the cornerstone of a
droplet magnetofluidic system and can be also combined with the optical encoding strategy to
expand the encoding capability. In Chapter 6, by equipping the system with an active selection
functionality. Encoded magnetic microcarriers can be controllably synthesized in droplet
microfluidic networks, which are crucial for the practical realization of magnetic suspension
arrays technology. Meanwhile, the system bears advantages of on-demand facile generation and
on-the-fly code identification of encoded microcarriers which are important for high-throughput
screening applications.
(2) Analysis
Detection of droplets by functional sensing elements enables the quantification and analysis of
targets of interest, which is crucial to extract further information and provide feedback control
to achieve high degree of system automation. To boost the performance of droplet microfluidic
systems, a range of detection methods are under development [17]. When needed, multiple
detection methods can be combined, hence offering a great deal of capabilities and advantages.
The detection methods are generally classified as ‘label-free’ and ‘labelled’ approaches.
‘Label-free’ scheme relies on the detection of changes in dielectric constants [20, 84], charges [18],
or refractive index [85]. They can directly analyze samples without conjugating labels. However,
they are sensitive to subtle changes in ionic strength and pH values, which need extensive
preparation and purification of samples prior to detection. Alternatively, ‘labelled’ methods
relies on the detection of specific signals from labels. Due to the inherent nature of specific
detection, the ‘labelled’ approach is well adapted to the need to index droplets for multiplexed
analysis [21].
Fluorescent tags are typically used for ‘labelled’ detection with optical detectors. Either
the signal intensity or the colors of fluorescence can be used for analysis. In flow cytometry,
multiparametric analysis is typically carried out by combining, e.g. forward and side scattered
light, and the wavelength of fluorophore [87]. The technique of multiparametric analysis
is one of key functionalities of conventional optical flow cytometry [88], which enables the
powerful classification and discrimination of a variety of entities such as biological cells [89],
and fluorescently-labelled microbeads [90]. A multiparametric density plot is typically used to
visualize the data (Figure 2.4), and the distribution of the detection events in the plot serves as
fingerprints of targets of interest [91]. Different clouds of detected events in a multiparametric
density plot represent different variants to be analyzed, such as different biomarkers associated
with certain analytes for diagnostics [92], and droplets of different properties [93, 94]. The clear
identification and classification of the detection events can provide vital analytical information
which can be used to study cell functions, diagnosis of certain diseases and evaluate specific
experimental parameters for droplet production. With multiple relevant parameters included,
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Figure 2.4 (a) Scatter plot showing three different populations of droplets carrying different variants:
Population 1, droplets containing a K562 cell (with or without a bead); population 2, droplets containing a
9E10 cell and no bead, and droplets containing no any cell (with or without a bead); population 3, droplets
containing a 9E10 cell and a bead. The coencapsulated beads are functionalized with specific binding
molecules to bind to specific proteins which are secreted by a certain type of cells. Each circle encloses a
population of detection events of droplets carrying variants which are characterized by selected parameters
(the intensity of green and orange fluorescence). Dashed lines are the thresholds used to identify a detection
event of droplets and to sort droplets of interest. Adapted from Ref. [24]. (b) Two-color scatter plot of
detecting quantum dot-encoded microbeads with a flow cytometer. The cloud labeled from ‘1’ to ‘11’
correspond to 11 different codes. The cloud labeled ‘0’ is undoped beads as background reference. Inset:
Histograms for codes 1-4 showing well-separated peaks. Adapted from Ref. [86].
the precision in analyzing different variants can be improved, and the multiplexing capacity,
that is, to simultaneous analyze different variants from a single batch can be boosted [95].
In droplet microfluidics, droplets serve as microcontainers carrying a variety of variants
(Figure 2.4a). In a typical multiparametric analysis based on the scattered light, the differences
between different populations should be analyzed quantitatively in order to identify the presence
of a certain analyte, for instance, an antibody secreted by a certain type of cells (Figure
2.4a) [24]. In suspension arrays technology relying on encoded microbeads (Figure 2.4b), the
distribution of the detected signals (including scattered lights and fluorescence colors) should
be well discriminated to achieve high-quality results [90]. This functionality is crucial to bring
an analytic feature to a droplet-based magnetofluidic system, which is still missing but should
be accordingly demonstrated towards the realization of a compact fully operational system
adopting a magnetic indexing scheme (Chapter 4) for future multiplexed bioanalytical analysis.
Moreover, the number of variants that can be eventually analyzed is associated by the number
of droplet codes available. By including more parameters, the number of variants that can be
analyzed goes beyond single dimension [95], which allows to analyze multiple groups of variants
simultaneously.
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The dissertation puts forth and demonstrates the methodologies to realize multiparametric
analytical capability of a droplet-based magnetofluidic system (Chapter 5). The detected signal
peak is resolved by its signal amplitude and width, to simultaneously analyze the physical
quantities of the encapsulated magnetic content and the size of a droplet. The selected parameters
are relevant for droplet-based agglutination assays [96] and suspension arrays technology for
multiplexed assays and diagnostics [97] that rely on the physical properties such as the amounts
of encoding material [83] and the size of encoded microparticles [98, 99]. A discriminant analysis
technique is introduced to discriminate various populations of droplets of different sizes that
carry different amounts of magnetic material. Such functionality, as presented exemplarily in
Chapter 6, is vital for magnetic flow cytometric screening of magnetic suspension arrays that
can be controllably synthesized in microfluidic networks with the demonstrated droplet-based
magnetofluidic system.
(3) Sorting
Sorting is an important functionality in droplet microfluidic systems when purification of
droplets carrying a variety of variants is needed. These variants may involve differences in
the size of droplets [100], the amounts of encapsulated species [26], or other relevant physical
and biochemical properties differentiating a certain population of droplets from the others
[25, 53, 101]. With the increasing interest of applying droplet microfluidic systems for particle
synthesis, the functionality of sorting may offer a possibility for quality control. According to
the principle, sorting approaches are generally classified into passive and active.
Largedroplet Small dropletsa
b
Figure 2.5 (a) Sorting of large and small droplets in bifurcated channels with different cross-section areas.
Reproduced from Ref. [100]. (b) Sorting of ferrofluid droplets by using an external magnetic field produced
by a permanent magnet. Reproduced from Ref. [102].
Passive sorting This type of sorting relies on the creation of a bias to induce different flow
trajectories of droplets based on their intrinsic properties. More specifically, the bias can be
physical conditions created by specially designed fluidic channels coupled with certain flow
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conditions and external forces, e.g. viscous drag forces [100], magnetic forces [102], and electric
forces [103]. Passive sorting does not require prior analysis of the properties of droplets, since
the bias is constantly applied. It allows sorting of droplets functioning by itself as long as all
restraints are met.
Passive sorting has been used to separate droplets of different sizes with microfluidic channels
of specially designed geometries. For instance, Tan et al. [100] designed a bifurcated channel
with two different cross-section areas. The special geometry of the channel allows asymmetric
shear forces exerting on droplets to separate large and small droplets in two different channels
(Figure 2.5a). In addition to the shear forces, Al-Hetlani et al. [102] have used magnetic
forces to passively sort droplets loaded with ferrofluid magnetic nanoparticles by placing an
external permanent magnet beside a microfluidic channel (Figure 2.5b). A balance of viscous
drag forces and magnetic forces produced by the field gradients of the magnet determines the
eventual velocity vector of a magnetic droplet. Droplets can be sorted into different channels
by tuning the magnetic force or flow rates. Passive sorting is capable of isolating droplets of
small variations in properties, due to the fact that the induced variation of the flow path of
a droplet is a continuous function of an intrinsic property of the droplet. However, effective
passive sorting needs the geometry of a channel to critically match the property of droplets to
sort. The practical operation of a device based on a passive sorting approach is additionally
bound to certain flow parameters. In consequence, passive sorting is less flexible in sorting
droplets of wider differences in properties compared with the active sorting manner.
Active sorting In contrast to passive sorting, active sorting employs external actuating biases
to vary the flow path of droplets. In principle, by actuating sorting with detection signals of a
sensor allows system automation. A bias used for active sorting does not need to be constant.
In addition, the bias does not need to be coupled with the parameters to sort. Hence, active
sorting renders a system to be flexible in operation and sorting droplets of multiple parameters.
Commonly applied actuating biases include dielectrophoresis (DEP) forces generated by
integrated electrodes [25, 104], mechanical forces produced by, e.g. piezoelectric transducers
[105], surface acoustic waves [106], and pressurized gas [26], or the interplay between interfacial
forces and shear forces based on the principle of electrowetting on dielectrics (EWOD) [107].
Actuation with DEP allows very high rates of sorting up to 30 kHz [27], but it typically needs
high voltages to be applied. Actuation with mechanical forces, e.g., pressurized gas is featured
with low switching rate, which, nonetheless, does not need high electric field [26].
By implementing a sensor in a system renders the capability to analyze the properties of
droplets prior to sorting, which is also crucial for on-chip process control for complex microfluidic
droplet operations. The dominant approach is fluorescence-activated droplet sorting principle
(FADS) which utilizes, i.e. the fluorescence signals detected by a laser-induced fluorescence
microscope to analyze the content of droplets [26, 27, 106]. FADS relies on conventional
fluorescence microscopes which are typically bulky and expensive. It has been mainly used
14 Research and Theoretical Background
in centralized laboratories, which, however, is not suited for resource-limited settings and
point-of-care applications where costs and portability are two of the main concerns. Other
alternative activation principles allowing to miniaturize a system are under development. For
instance, the detection signal by integrated compact capacitive sensors has been used to sort
droplets based on different dielectric constants [108].
2.2 LoC magnetoresistive sensing technologies
As introduced in Section 2.1, first LoC applications sprung up in the early 1990’s [109, 110].
Almost in the same time, microfabrication techniques became matured and led to the boom of
microelectronics. One prominent example is the dramatical increase of magnetic data storage
[111]. One of the major inputs can be ascribed to the discovery of GMR effect in the late 1980’s
leading to the invention of GMR sensors. These technological breakthroughs further provoked
the development of LoC magnetoresistive sensing technologies. Since the present thesis work
employs GMR sensors for proof-of-concept demonstration, the following section is focused on
describing the underlying physics of GMR sensors and recent advances of (giant) magnetoresistive
sensing technologies in microfluidics. Alternatively, tunneling magnetoresistance (TMR) sensors
have emerged and belong to a more advanced type of magnetoresistance sensors compared with
GMR sensors, which are more difficult in fabrication, though. TMR sensors are based on the
fundamental physical phenomenon of quantum mechanical tunneling of charge carriers through
a dielectric barrier [112–114].
2.2.1 Giant magnetoresistive sensors
Giant magnetoresistive sensors are a type of magnetic sensorics relying on the effect of ‘giant
magnetoresistance’ firstly discovered in multilayered Fe/Cr superlattices by Grünberg and his
colleagues in 1988 [115]. The effect was also observed shortly afterwards by Fert’s group in 1989
[116]. GMR is defined by the relative change of resistance under an external magnetic field:
GMR = (R0 −R(Hsat))/R(Hsat) (2.4)
with R0 the resistance at zero magnetic field, and R(Hsat) the resistance at saturation magnetic
field Hsat.
In the pioneering work [115], the magnetoresistance of Fe/Cr superlattices was found to
be much larger than conventional anisotropic (1-2%) or ordinary magnetoresistance (less than
1% at a magnetic field in the order of 1 Tesla) [117] and thereby termed as ‘giant’ (Figure
2.6a). The existence of GMR is related to the change of the alignment of neighboring magnetic
layers’ magnetization (Figure 2.6b). At zero magnetic field, the alignment of ferromagnetic
(FM) layers’ magnetization is antiparallel to each other due to antiferromagnetic coupling. With
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Figure 2.6 (a) Magnetoelectrical characterization of Fe/Cr superlattices with different numbers of periods
and different thickness of Cr layers. Reproduced from Ref. [115]. (b) Schematic representation of GMR
trilayers consisting of two ferromagnetic layers (FM) separated by a nonmagnetic layer (NM) and its
corresponding hysteresis loop. Hs is the saturation magnetic field. Adapted from Ref. [117].
an increasing magnetic field, the magnetization directions of both magnetic layers are gradually
aligned to the direction of the magnetic field. The resistance of the sample is larger for an
antiparallel magnetization configuration than that of a parallel configuration.
The physical origin of GMR has been attributed to spin-dependent scattering of conduction
electrons [117]. Proposed by Mott in 1936 [118], the conduction of electrons in ferromagnetic
metals is regarded to be composed of two separate channels: up-spin and down-spin electrons,
assuming that the spin direction remains unaltered within a mean free path. These electrons are
mainly sp electrons which contributes to the conductivity of ferromagnetic metals as they are
in broad energy bands and characterized with low effective masses [119]. The up-spin and the
down-spin electrons can be also termed ‘majority’ or ‘minority’ electrons, depending on their
spin direction relative to the direction of magnetization. The majority electrons are those with
the spin directions parallel to the magnetization direction, which is contrary to the minority
electrons. The conduction of electrons in the two channels is associated to the density of empty
states where they can be scattered to. These states are mostly of d character. As the d band
of ferromagnetic transition metals is exchange-split, the density of empty states for the two
conduction channels can be different. In consequence, the mean free paths and the conductivities
in the two channels are different.
GMR can be phenomenologically described by a resistor model [120, 121]. One can consider
two simplest cases [119]: (1) the mean free path is shorter than the thickness of layers. In this
case, electrons are only transporting in individual layers and the resistance of each layer is
considered to be connected in parallel. Consequently, there is no difference in the total resistance
between antiparallel and parallel configurations, leading to that the magnetoresistance is zero.
(2) In order to have non-zero GMR, the mean free path of electrons should be sufficiently larger
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Figure 2.7 A resistor model describing spin-dependent scattering in a magnetic trilayer stack with parallel
and antiparallel magnetic alignments. The height of the bars correspond to the conductivity. The arrows
indicate different spin directions. Adapted from Ref. [119].
than the thickness of layers. Under such a circumstance, the total resistance is the sum of the
resistance of each spin conduction channel in different layers which are connected in series, and
GMR is expressed as [119]:
GMR = [(α− β)2]/[4(α +N/M)](β +N/M) (2.5)
with N andM being the thickness of the spacer and ferromagnetic layers, respectively; α = ρ+F/ρs
and β = ρ−F/ρs, ρ+F , ρ−F being the resistivity of the up-spin and down-spin channel in ferromagnetic
layers, respectively; and ρs the resistivity in non-magnetic layers.
As indicated by Equation 2.5, the scattering asymmetry (i.e. α/β ≠ 1) of two spin channels
is necessary to obtain GMR. Thereby, it accounts for the fact that GMR exists in a variety of
multilayers consisting of a broad range of combinations of ferromagnetic metals (Co, Ni, Fe,
and their alloys) with scattering asymmetry.
GMR exists not only in antiferromagnetically exchange-coupled ferromagnetic multilayers, but
also in spin valve type structures [122]. Spin valve sensor is a more advanced type of GMR sensors
than those based on exchange-coupled ferromagnetic multilayers. A spin valve type structure
can be obtained by, e.g. pinning the magnetization of one ferromagnetic layer by exchange
bias [123] through an adjacent antiferromagnetic layer while the other ferromagnetic layer’s
magnetization remains free to rotate with an external applied magnetic field (‘exchange-biased
spin valve’, Figure 2.8a) [124]. Again, the essence of exchange-biased spin valve structures relies
on the realization of antiparallel alignment of successive ferromagnetic layers’ magnetizations,
which, as mentioned above, is a prerequisite to obtain GMR. For exchange-biased spin valves,
the center of the hysteresis loop of the pinned ferromagnetic layer is shifted from zero to an
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Figure 2.8 (a) Schematic sketch of an exchange-biased spin valve structure which consists of an anti-
ferromagnetic layer (AFM) and two ferromagnetic (FM) layers separated by a nonmagnetic (NM) layer.
The ferromagnetic layer adjacent to the antiferromagnetic layer is pinned by exchange bias, while the other
ferromagnetic layer is free to rotate its magnetization. Arrows in ferromagnetic layers showing the direction
of magnetizations while those in the AFM layer indicates the direction of spins. (b) A typical GMR curve of
an exchange-biased spin valve. Arrows show the alignments of magnetizations in ferromagnetic layers.
exchange bias field due to a unidirectional exchange coupling between the antiferromagnetic
layer and the pinned ferromagnetic layer. In this respect, the free layer and the pinned layer
reverse their magnetizations at different magnetic fields, giving rise to high resistance when the
two ferromagnetic layers’ magnetizations are antiparallel to each other in between the switching
fields (Figure 2.8a).
In addition to the GMR ratio, another figure of merit of a GMR sensor is its sensitivity,
S(Hext), which is defined by the first derivative of the relative change of the sensor’s resistance
[125]:
S(Hext) = dR(Hext)/[dHext ·R(Hsat)] (2.6)
The sensitivity reflects how sensitive a GMR sensor is to an external applied magnetic field,
which can serve as a general reference of different types of magnetic field sensors employed
in magnetic field sensing. Besides, to ensure reproducible measurement results which are less
vulnerable to external random magnetic noise [126], the response of a GMR sensor needs to be
hysteresis-free. In this respect, the sensitivity of a GMR sensor is a monotonous function of an
applied magnetic field. Thereby, the sensor can be operated at the same reference point with
the same applied magnetic field, which ensures the reproducibility of measurements.
The dissertation employs the above mentioned two types of GMR sensors. Py/Cu multilayers
(here Py=Ni81Fe19) coupled at the 2nd antiferromagnetic maximum are chosen as the key sensing
element due to the fact that the low uniaxial anisotropy of Py allows to achieve hysteresis-
free sensor response [127]. As spin valve sensors are commonly applied as switches, and they
are characterized with a hysteresis that is not suitable for dynamic sensing in fluidics due to
its vulnerability to random magnetic fields and magnetic noise [126]. Typical approaches to
eliminate the hysteretic response of spin valves involve biasing a free layer’s magnetization
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with shape anisotropy, which is orthogonal to a pinned layer’s magnetization set by exchange
bias [128] or designing a sensor with a yoke shape geometry to eliminate domain walls [126].
Alternatively, an external magnetic field is used to stabilize the free layer’s magnetization during
the measurements [129]. The free layer and the pinned layer are usually weakly coupled, so as
to bring the sensing point to a near zero magnetic field [130]. In this respect, in order to detect
superparamagnetic nanoparticles or beads, which are frequently used as the carrier materials for
labeling or manipulation of species in fluidics, an external out-of-plane magnetic field is applied
to induce net magnetic moments. Nonetheless, particularly for applications, such as to measure
the size of ferrofluid droplets by a magnetofluidic device [131], an in-plane-dominant magnetic
field is typically employed. In such cases, a stronger in-plane biasing field is crucial to achieve
larger detection signals. The low field sensitive feature of spin valve sensors is vulnerable to
saturation during the field biasing procedure and limits the further increase of detection signals.
Hence, a magnetic field sensor with a larger biasing point is advantageous and facilities the
operation of the device in practical settings. In this dissertation, exchange-biased spin valve
structures are optimized to explore a GMR sensor which is featured with a strong ferromagnetic
coupling field [34]. The large coupling field offers a larger biasing point of the sensor, which is
advantageous for in-flow detection to achieve even larger detection signal.
2.2.2 Magnetic in-flow detection
There has been a trend towards magnetic in-flow detection adapting the format of ‘flow
cytometry’, which refers to the detection of magnetic entities dynamically passing by a magnetic
detector. Optical flow cytometry adopts an optical indexing scheme and processes several key
functionalities such as high-throughput enumeration, multiparametric analysis and fluorescent-
activated sorting. Towards the realization of the key functionalities of ‘optical flow cytometry’,
magnetic in-flow detection exploits distinct advantages of magnetic labeling and detection
strategy.
Theory of magnetic detection
The principle of magnetic detection lies in the detection of magnetic stray fields of magnetic
particles which changes the resistance of a GMR sensor that leads to the change of voltage
signal when the sensor is driven by a constant current. A dipole field model [132–134] has been
most widely adopted to simulate the magnetic stray field distribution of a magnetic particle
over the sensing area of a magnetoresistive sensor, which facilitates the understanding of the
key factors that determines the final successful detection. In this respect, a magnetic particle is
assumed to be a magnetic dipole moment, the magnetic stray field of which is given by [135]:
B(m, r) = µ04π (
3r(m · r)
r5
− m
r3
) (2.7)
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with B(m, r) being magnetic flux density at the position described by the vector r, µ0 being
the permeability, and m being the magnetic dipole moment.
a b
Figure 2.9 Calculated magnetic stray field from the dipole field model, which is as a function of the
position on the sensor surface when the particle is in-plane (a) or out-of-plane (b) magnetized. The sketch
shows a particle (sphere) of radius a on top of a sensor’s sensing area. Here, the magnetization (M) of the
particle is assumed to be 0.48 kA/m and the radius is 1 µm. The distance from the bottom of the particle
to the surface of the sensor is d. Adapted from Ref. [136].
Several examples of the in-plane component of the magnetic stray field (Bx) of a magnetic
particle which has its magnetization along the in-plane or out-of-plane direction have been
shown in Figure 2.9 a and b, respectively. For the in-plane magnetized particle, the magnetic
field component (Bx) acting on the sensor is featured with symmetric distribution of the stray
field over the sensor’s sensing area with a peak value in the center. There are additionally
two local stray field maxima along the magnetization directions. In contrast, for the out-of-
plane magnetized particle, the magnetic field component (Bx) is characterized with a bipolar
distribution. The understanding of these signatures of the magnetic stray field distribution
allows to differentiate the unique detection signals of a magnetic particle by a magnetic sensor
from the noise signals.
Regarding the key factors that contribute to the final detected signal, one has to consider
the effective magnetic stray field Be of the particle acting on a GMR sensor, which is given by
averaging the total stray fields over the sensor’s total sensing volume V , assuming the sensor is
patterned to a rectangular stripe:
Be =
∫∫∫
V
µ0
4πst(
3r(m · r)
r5
− m
r3
) dx dy dz (2.8)
here s is the sensing area of the sensor, t is the thickness of the sensor.
Equation 2.8 indicates that to successfully detect the particle, one should maximize the
effective magnetic stray field over the sensor’s sensing area. This can be achieved by reducing
the size of the GMR sensor, the separation distance between the particle and the sensor’s sensing
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layer. Moreover, magnetizing magnetic particles to provide a large magnetic moment can also
enhance the effective magnetic stray field for successful detection. In terms of the sensor, the
sensitivity of a magnetic sensor to magnetic field should be improved to enhance the detection
signal.
Detection in single-phase microfluidics
First attempts of magnetic in-flow detection were made by Freitas’s group [137]. An ensemble of
magnetic nanoparticles flowing through a microfluidic channel were detected by two spin valve
sensors, which were used as a tool to determine the flow velocities of magnetic nanoparticles
slowly passing through a microfluidic channel (hundreds of µm/s). In subsequent studies, the
same group [138, 139] demonstrated the detection of magnetic beads flowing at high speeds
(cm/s) in a microfluidic channel. The signal pattern obtained from the detection of magnetic
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Figure 2.10 (a) (top) Photograph of a microfluidic chip and a zoomed out view of the microfluidic channel
aligned with three spin valve (SV) sensors; (bottom) 3D schematic of the device showing a magnetically
labelled cell passing by SV sensors and a magnet placed below the chip. (b) Schematic depicting a
magnetically labelled cell passing by a spin valve sensor flowing with a velocity of v⃗. An external out-of-plane
magnetic field Bext is applied to magnetize the particles. The sensor has a width (w) of 3 µm and a length
(l) of 40 µm. Reproduced from Ref. [140].
beads revealed a preferred orientation of the magnetizations of the flowing magnetic beads, which
was explained by the fast relaxation of the magnetization’s direction to the easy axis of magnetic
beads that clock-wisely rotate forward due to the flow velocity profile in the microfluidic channel.
Recent research work in this field has been directed towards in-flow detection of magnetically-
labelled cells [140, 141]. In this respect, biological cells conjugated with magnetic nanoparticles
were pumped continuously across the integrated spin valve sensors in a microfluidic channel
(Figure 2.10) [140]. The results of counting show reasonable agreement with those obtained by
a hemocytometer.
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Towards the improvement of the measurement sensitivity, more recently Moench et al. [142]
demonstrated a novel GMR sensor which is rolled up into a tubular architecture serving as a
fluidic channel where magnetic particles can be counted by passing them one by one across
the sensor (Figure 2.11). Such a three-dimensional magnetic sensor design allows to efficiently
collect magnetic stray fields from the magnetic particles, which potentially enables more sensitive
detection of the magnetic particles compared with the planar ones.
a b
Figure 2.11 (a) Schematics showing the concept of a rolled-up magnetic sensor for in-flow detection
of magnetic particles. (b) Real-time detection of magnetic particles one by one passed across the sensor.
Reproduced from Ref. [142].
Magnetic detection in single-phase microfluidic flow systems enables the enumeration of
magnetically-functionalized entities, which makes it promising to demonstrate a compact flow
cytometer-like counting device to enumerate the population of particles and cells. However,
quantitative analysis of the magnetically-functionalized entities which is crucial for cell-based
or bead-based clinical diagnostics and assays remains elusive. One of the main barriers lies in
the fact that there is a lack of quality control of the properties of individual magnetic particles
(i.e. magnetic content), which makes it challenging to derive quantitative useful analytical
information for future multiplexed assays and diagnostics.
Detection in multiphase droplet microfluidics
Compared with single-phase microfluidic systems, droplet microfluidics provides a unique format
for massive parallelized screening of a large number of samples (loaded in droplet microcontainers)
with the advantage of scaling up experiments without scaling up devices [12]. However, different
from that a variety of research activities devoted in single-phase magnetofluidic systems, the
development of multiphase droplet magnetofluidic systems is still in the infancy.
Magnetic in-flow detection of two-phase ferrofluid droplets by a GMR sensor was firstly
reported by Pekas et al. [131]. In this pioneering work, an on-chip T-junction was fabricated
to encapsulate ferrofluid magnetic nanoparticles (Figure 2.12). Two spin valve sensors were
integrated in a microfluidic channel to detect ferrofluid droplets successively which was evidenced
by the temporal shift of the real-time detection pattern of ferrofluid droplets. The work reported
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Figure 2.12 (a) A vertical on-chip T-junction fabricated to produce ferrofluid droplets. (b) Photograph of
the device with integrated GMR sensors to detect ferrofluid droplets. (c) Fluorescent image of ferrofluid
plugs (white contrast) passing by two successive GMR sensors integrated in two Wheatstone bridges. (d)
Real-time detection signals of ferrofluid droplets by the two GMR sensors integrated in a microfluidic channel.
Reproduced from Ref. [131].
.
an effective way of determining the flow velocities, droplet formation frequency and the size of
droplets from the GMR response. This work opens the possibility to use an on-chip magnetic
detection strategy eliminating the need for off-chip monitoring instrumentations as a part of
feedback for flow control [131].
2.3 Conclusion
Droplet microfluidics provides a unique format for massively parallelized screening of a large
number of samples for drug screening [21, 143], combinatorial synthesis [54] and clinical diagnos-
tics [144]. Large-scale biological screening in droplet microfluidics requires an indexing scheme
to provide large indexing capacity for different droplet containers that may carry a variety of
variants; meanwhile, ensuring automated process control for high throughput. To deliver a device
to most people in need, especially for resource-limited settings, cost-efficient fabrication and
high-volume delivery are highly demanded. Magnetic in-flow detection is promising to provide
an alternative solution to realize a droplet microfluidic platform with intrinsic advantages,
such as compact integration, direct signal readout, specific detection of magnetic labels and
providing on-chip feedback control. Previous work reported with single-phase microfluidic flow
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systems allow to provide basic ‘yes/no’ (‘presence/absence’) information for high throughput
enumeration of magnetically-labelled cells and beads [138–140, 140–142, 145]. Such magnetic
in-flow detection principle can be readily extended to multiphase droplet microfluidic systems, as
the prior knowledge in single-phase microfluidic flow systems provides important LoC integration
strategies which can be well adopted to the realization of droplet-based magnetofluidic systems
utilizing the same sensing principle.
The pioneering work has demonstrated the direct access to the size of droplets from the
width of detected signal [131], which offers a prospective means to non-visually monitor the size
of droplets encapsulating ferrofluid nanoparticles. As the magnetic content loaded in droplets
could be directly accessed and quantified by an integrated magnetic sensor, magnetic in-flow
detection is promising to equip a droplet microfluidic system with a novel magnetic indexing
scheme and important analytical features for large-scale biological screening, clinical diagnostics
and highly multiplexed assays. However, the development of a droplet-based magnetofluidic
system based on the magnetic in-flow detection principle is still in the infancy. The present
dissertation is devoted to further advancing this field by demonstrating a novel compact droplet
magnetofluidic platform equipped with the key flow cytometric functionalities, e.g. magnetic
indexing (Chapter 4), quantitative multiparametric analytics (Chapter 5) and magnetically-
activated sorting (Chapter 6). All these functionalities are crucial to make the platform fully
operational, paving the way for its future applications in biomedicine. An approach to fabricating
the system on flexible foils is demonstrated to allow potentially cost-efficient fabrication and
high-volume delivery of the device (Chapter 7).

Chapter 3
Experimental Methods
This chapter deals with the experimental procedures and characterization techniques used in
this dissertation. Fabrication of a GMR-based magnetofluidic device comprises two major steps:
(1) microfabrication of GMR sensors and (2) LoC integration. Each fabrication step and the
involved experimental methods, e.g. lithography, magnetron sputtering deposition, as well as
the integration of GMR sensors with microfluidic channels are described. Magnetoelectrical
characterization is a standard means to evaluate the performance of a GMR sensor. A corre-
sponding measurement setup is presented. In addition, to operate the device for microfluidic
detection, a pumping system and an electrical real-time measurement setup with high sensitivity
should be established. A detailed description of this measurement setup is presented.
3.1 Microfabrication of GMR sensors
3.1.1 Preparation of a substrate with lithography
Lithography typically refers to the process of transferring a designed pattern on a photomask
to a substrate coated with a photosensitive layer called ‘photoresist’ [146]. In some cases, a
photomask is not necessary, for instance, in a lithography process relying on selective exposure
with a laser beam. The basic principle of lithography lies in the use of a light source to selectively
modify the solubility of selected regions of a photoresist. After developed by a solvent called
‘developer’ that dissolves the soluble parts of the photoresist, the pattern on a photomask is
transferred to the photoresist. Ultraviolet (UV) light is commonly used for the exposure. Other
illumination sources include X-rays [147] and electron beams [148]. In practice, patterning a
photoresist with lithography can be either before or after sample deposition. Regarding the
former, a lift-off process can be used to dissolve the photoresist in order to reveal the structure
of a sample. A solvent such as acetone can be used for lift-off. For the latter, a photoresist
is used as a mask. The areas not covered by the photoresist are selectively etched away by a
physical or chemical etching method.
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A photoresist can be positive or negative. A positive type of photoresists dissolves in a
developer after light exposure while for the negative one it is the opposite. Positive photoresists
are more appropriate for etching away the materials underneath as they do not create variable
undercuts, which can ensure high precision. However, some negative resists are developed to
generate undercuts on the side walls of the removed areas which allows easy removal of the
materials deposited on them.
Photomask
Substrate
Flood exposure
Photoresist
Patterned resist
Baking at 90 °C
Baking at 120 °C
Development
1
3
2
4
Figure 3.1 Standard process flow of patterning a negative photoresist, i.e. AZ 5214E by photolithography
technique.
A photoresist AZ 5214E (MicroChem) was used for the microfabrication of GMR sensors.
This type of photoresist can exhibit either a positive or a negative feature depending on
processing conditions [149]. In this thesis work, its negative feature is utilized, in other words,
an ‘image reversal’ character in combination with a lift-off process were used to pattern GMR
sensors of desired geometries. The process flow to pattern a GMR sensor with the photoresist
AZ 5214E is shown in Figure 3.1. The following experimental protocol was used to pattern the
silicon substrates of all magnetofluidic devices unless otherwise specified:
(1) Dispense the photoresist AZ 5214E on a silicon substrate with 600 nm thermal oxide,
spin at 4500 rpm for 30 s and bake the substrate at 90 °C for 5 min.
(2) Expose the photoresist with a photomask by UV light for 2 s and bake the substrate at
120 °C for 2 min.
(3) Expose the photoresist without a photomask (flood exposure) for 30 s.
(4) Develop the photoresist with a developer (MIF 726, MicroChem) for 1 min.
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3.1.2 Magnetron sputter deposition of GMR sensors
When a substrate is patterned with a photoresist (Figure 3.2a), it is ready to deposite GMR
thin films on top by magnetron sputter deposition.
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Figure 3.2 Micrographs showing (a) a silicon substrate patterned by the photoresist AZ5214E with image
reversal technique; (b) a GMR sensor stripe revealed by lifting off the photoresist after magnetron sputter
deposition of GMR sensor films on the patterned silicon substrate; (c) a GMR sensor stripe aligned with two
electrical contacts following a second lithography step; (4) the GMR chip bonded to a Polydimethylsiloxane
(PDMS) microfluidic channel. Dashed lines showing the edges of the channel walls. Scale bar: 100 µm.
Magnetron sputtering belongs to a method of physical vapor deposition (PVD) [150]. Mag-
netron sputtering utilizes magnetrons to extend the capability of sputter deposition (Figure
3.3). A target source is the plate of material to be deposited, which is connected to a negative
potential to external power supplies and serves as a cathode. The substrate faces the target
and acts as an anode. For the deposition, Argon (Ar) is used as a sputter gas. To start a
deposition, a potential of several kilovolts is applied to the electrodes in order to ignite the Ar
plasma. Within the plasma, positively-charged Ar+ ions are accelerated towards and bombard
the negative cathode (target). Due to momentum transfer, the atoms of target materials are
ejected out of the target, traverse the plasma and deposited on the substrate. The magnetron
installed behind a target produces magnetic fields which trap electrons near the target surface.
It has the effects of enhancing the ionizations of the sputtering gas and consequently increasing
the sputter efficiency of a target. In addition, it extends the range of deposition vacuum. With
more electrons trapped around the target, electron bombardments of the substrate can be
reduced.
The GMR sensors used in the thesis work include GMR multilayers which need two target
sources, e.g. Py (here Py=Ni81Fe19 ) and Cu, and spin valve sensors which need five different
materials, e.g. Ta, Py, CoFe, Cu, and IrMn. The magnetron sputtering machine employed
for the deposition of GMR sensors contains eight target slots, allowing deposition of eight
different target materials simultaneously without breaking vacuum. In the following, a protocol
of depositing GMR multilayers and spin valve sensors by magnetron sputtering is provided:
(1) Evacuate the deposition chamber of the sputtering machine until a base pressure below
10−6 mbar is reached. This step ensures the quality and purity of the deposited films.
(2) Open the gas valve to fill the chamber with Ar. The flow rate of Ar is maintained at 10
sccm and wait about 15 min to completely fill the chamber with Ar.
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Figure 3.3 Schematic graph depicting the principle of magnetron sputter deposition of target materials.
Magnets placed behind a target generates magnetic fields which constrain electrons around the target to
enhance the sputter efficiency. Argon (Ar) is used as the sputter gas.
(3) Control the opening position of a butterfly valve to achieve an initial Ar pressure of 1.6
x 10−3 mbar in order to ignite the plasma.
(4) When the plasma is generated, reduce the Ar pressure to 9.5 x 10−4 mbar. Presputter
each target for 5 min with a power of 100 W. The step is critical as it removes the contaminants
of targets.
(5) For the preparation of GMR multilayers, the sample was rotated circumferentially at a
speed of 1 round every two seconds. Hence the thickness of each layer was controlled by the
number of rotations below a target. For spin valve sensors, instead of using the rotating mode,
the sample was transferred directly below a target and a shutter was open for a definite period
of time in order to deposite material of a definite thickness.
Lift-off
After the deposition of GMR sensors, a lift-off process was performed to reveal the structure of
GMR sensors (Figure 3.2b). The sample was soaked in acetone for a few hours. Optionally, an
ultrasonic bath can be used to assist the lift-off process. After the photoresist was completely
dissolved in acetone, the sample was washed sequentially by isopropanol, deionized (DI) water
and dried by compressed air.
The same steps as described in the section 3.1.1 were performed to pattern electrical contacts
of GMR sensors (Figure 3.2c). An additional alignment step was performed to precisely align
electrical contact structures to the prepared GMR sensors. The materials of electrical contacts
were deposited by magnetron sputtering as well. For all the micro-fabricated GMR sensors, the
layer stack of electrical contacts is Ta (5 nm)/Cu (200 nm)/Ta (5 nm).
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3.2 LoC integration
LoC integration of GMR sensors consists of multiple steps: insulation of GMR sensors, fabrication
of microfluidic channels, and device assembly. This section provides detailed descriptions of
these integration steps to realize a final magnetofluidic device.
3.2.1 Insulation of GMR sensors
For applications in fluidics, GMR sensors should be electrically insulated in order to avoid
current leakage and degradation in liquid environments. In fact, electrical insulation is one
of the most critical steps in the fabrication of magnetofluidic devices. The layer should be
sufficiently dense in order to achieve proper electrical insulation, while still remaining thin to
ensure high sensitivity.
Conventionally, SiO2 and Al2O3 have been employed as insulation materials [140]. However,
deposition of metal oxides typically requires critical optimization of deposition parameters to
obtain sufficiently dense films. Therefore, as an alternative, two polymeric insulating approaches
have been developed during the course of the thesis study: by polyetherimide (PEI)1 and by a
SU-8 photoresist (MicroChem). With a PEI layer, a minimum thickness of about 300 nm can
be achieved by setting coating speed at 8000 rpm for 30 s. The film was baked at 160 °C for 1
min to remove solvents. However, an additional layer of SiO2 was deposited on top of PEI to
facilitate the bonding with a polydimethylsiloxane (PDMS) channel. This step improves the
adhesion of PEI on the substrate substantially.
Regarding the insulation with a SU-8 photoresist, a PDMS surface terminated with amine
groups can be permanently bonded to a layer of SU-8 photoresist based on its epoxy composition
(referring to Section 3.2.3). Compared with PEI, insulation with a SU-8 photoresist is simpler
and time efficient as it does not need an additional SiO2 deposition step. For experiments, a
low viscous photoresist SU-8 2 (MicroChem) was chosen to achieve a small thickness. The resist
was coated on the surface of GMR sensors with a spin speed of 8000 rpm, which leads to a
minimum layer thickness about 700 nm. The layer of SU-8 2 was baked on a hotplate at 90
°C for 5 min to remove solvents. Then it was exposed with UV by a mask aligner (Karl Suss,
MJB4) for 30 s. Upon this step, the electrically insulated GMR chip is ready to be bonded to a
microfluidic channel.
3.2.2 Fabrication of microfluidic channels and valves
PDMS was chosen to fabricate microfluidic channel as it allows rapid prototyping a device by
a facile mold-casting approach [151]. In the thesis, a photoresist SU-8 50 (MicroChem) was
lithographically patterned as a mold to cast PDMS channels. To fabricate the mold, a layer
1The PEI polymer solution was developed by Dmitriy D. Karnaushenko (IFW Dresden)
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of photoresist SU-8 50 (MicroChem) was spin coated on a silicon wafer. The thickness of the
photoresist was adjusted by the spin speed which determines the subsequent height of a channel.
Two approaches were used to create the geometry of the mold: with or without a photomask.
The former was done by designing desired structures on a photomask which were afterwards
transferred to a photoresist by UV exposure with a mask aligner. The latter relied on a direct
laser writer (Microwriter Baby, Durham Magneto Optics Ltd.) which employs a focused laser
beam to directly expose selective areas of the photoresist. After UV exposure, the polymer
chains of the photoresist SU-8 50 (MicroChem) are cross-linked which becomes insoluble in a
developer (mr-Dev 600, micro resist technology GmbH) that was used to remove the unexposed
areas of the resist.
The PDMS prepolymer (Sylgard 184 KIT, Dow Corning) was prepared by mixing a base
polymer with a curing agent in a ratio of 1 : 10 wt.%. Then it was degassed for 30 min. The
mixture was poured into the mold and cured at 180 °C for 10 min. Finally, the cured PDMS
channel was peeled off the mold. Before the assembly of the device, corresponding inlets and
outlets of the channels were created by a biopsy puncher with a diameter of 1 mm.
a b
GMRsensor
Membrane valve closed
Membrane valve closed
Droplet
Droplet
Figure 3.4 Operation of sorting by coupling the actuation of membrane valves with a detection signal of
droplets from a GMR sensor. (a) The top valve is closed to sort a magnetic droplet to the bottom channel.
(b) The bottom valve is closed to sort a water droplet to the top channel. The dashed arrows show the flow
trajectories of droplets.
Membrane valves [152] were integrated in microfluidic channels for the realization of the
sorting functionality. A single membrane valve consists of a flow channel separated from a
control channel by a thin PDMS membrane. It functions by actuating the thin PDMS membrane
with pressurized gas which alters the hydraulic resistance in the flow channel to control the flow
(Figure 3.4). To fabricate the flow channels, the mixed PDMS prepolymer was coated from a
SU-8 mold at a spin speed of 1500 rpm for 30 s, which was cured at 120 °C for 1 min. Next, the
control channels were casted from another SU-8 50 mold and cured at 180 °C for 5 min. Finally,
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the flow channels and control channels were bonded together after activation with O2 plasma
and heating at 120 °C for 5 min.
3.2.3 Assembly of the magnetofluidic device
Depending on the insulation materials, different surface chemistry was applied to assemble
a GMR chip with a PDMS microfluidic channel. The material of PDMS is composed of -O-
Si(CH3)2- repetition units. Upon activation with oxygen plasma, silanol groups (Si-OH) can
be created on the surface of PDMS (Figure 3.5a). The silanol groups can react with other
functional groups (OH, COOH or ketone) on another surface when they are brought into contact
[153]. For the assembly of GMR sensors insulated with PEI and SiO2, the PDMS channel and
the sensor chip were activated by O2 plasma with a power of 40 mW for 30 s. Then they were
brought into contact in DI water (to retain the reactivity of activated surface functional groups)
and aligned under a microscope. After the sample was dried out overnight, permanent bonding
was achieved (Figure 3.2d).
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Figure 3.5 (a) Principle of bonding PDMS to a silicon substrate by oxygen plasma activation. (b) The
principle of bonding PDMS to the surface of SU-8 by N2 plasma activation.
As SU-8 is an epoxy photoresist, an epoxy-amine surface chemistry was utilized to bond
SU-8 insulated GMR sensors with a PDMS channel (Figure 3.5b). At elevated temperatures,
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epoxy groups can react with amine groups and form stable chemical bonds [154]. Originally
PDMS does not carry any chemical groups that can react with epoxy groups. Hence, nitrogen
(N2) plasma was applied to introduce amine groups on the surface of PDMS for bonding. To be
noted, the SU-8 2 layer should be prebaked at 90 °C to remove solvents and exposed by UV
light for 30 s before final bonding with nitrogenized PDMS surface at an elevated temperature.
To summarize, the PDMS channel was activated in N2 plasma with a power of 40 mW for
30 s to create amine groups on its surface. Then it is brought into contact with the sensor
chip insulated by a cured SU-8 layer and aligned with each other under a microscope. Finally,
the device was baked at 120 °C for 30 min to achieve permanent bonding. A final assembled
microfluidic device fabricated on a silicon substrate (with 600 nm thermal oxide) is shown in
Figure 3.6.
Siliconsubstrate (with 600 nm oxide)
PDMS cap
Electrical contacts
Liquid inlets
Control channel inputs
Microfluidic channel
GMR sensor
2 cm
Figure 3.6 Photo of a final assembled microfluidic device. The device is composed of microfabricated
GMR sensors integrated in a microfluidic flow circuit.
3.3 Characterization techniques and measurement setups
Several characterization techniques and real-time measurement setups have been employed for
the studies, the working principle of which are described in the following.
3.3.1 Magnetoelectrical characterization technique
A magnetoelectrical characterization setup was used to measure GMR response2 (Figure 3.7).
The setup consists of an electromagnet to produce uniform magnetic fields to magnetize a
2This setup is designed by M. Melzer and assembled by the technology transfer department of IFW Dresden.
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GMR sensor, a multimeter (Keithley K2000) to obtain the sensor resistance based on a four-
point measurement geometry and a Hall sensor (the voltage is collected by a Hameg HM8112
multimeter) to determine the strength of an applied magnetic field. The data collected by these
electronic components are communicated to a central control module which is interfaced with a
computer program. For magnetoelectrical characterizations, a sensor was placed in between
pole shoes of an electromagnet. Uniform magnetic fields were applied to the sensor (field in the
plane of the sensor) and cycled in between saturation values of the sensor, and the change of
the sensor resistance was recorded against the applied magnetic field. For GMR multilayers
[Py/Cu]30 coupled at the 2nd antiferromagnetic maximum, the saturation field is below 100 Oe
while for spin valve sensors prepared in the thesis studies, the field needed to saturate both the
free layer and the pinned layer is about 300 Oe (Figure 3.8).
Electromagnetcoil
Motor
DC
Electromagnet coil
Power supply
Hameg H 8112M
Multimeter
Keithley K2000
Multimeter
Hall sensor
4-point measurement
Magnetic field
Central control module
GMR measurement
Motor control
Sample
Figure 3.7 Schematic diagram of a magnetoelectrical characterization setup. The setup is composed of an
electromagnet with a power supply, a sample stage with a 4-point measurement configuration, multimeters
for data collections, a motor for driving the sample stage and a central control module.
The thesis demonstrated a magnetofluidic device with integrated GMR sensors on flexible
polyethylene terephthalate (PET) foils (Chapter 7). The performance of flexible GMR sensors
under various mechanical deformations has been investigated. Bending experiments of flexible
GMR sensors were carried out on a motor-controlled mechanical loading stage incorporated in
the GMR measurement setup (Figure 3.7). The sample was mounted on the loading stage, one
end of which was precisely driven by a motor to move over defined distance, while the other end
was fixed. GMR curves were measured on samples at different bending states.
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Figure 3.8 Typical examples of the response of GMR sensors based on: (a) multilayered stack [Py/Cu]30
coupled at the 2nd antiferromagnetic maximum and (b) a spin valve sensor stack.
3.3.2 Fluidic measurement setups
Fluidic measurement devices are composed of an electrical measurement setup for data acquisition
and analysis, and fluidic relevant setups for monitoring and handling liquids in fluidics (Figure
3.9).
There are several factors taken into account for the establishment of measurement electronics.
First of all, the measurement sensitivity should be increased. The magnetic field produced by a
magnetic droplet is very weak (below 1 Oe), which contributed to only small change of the sensor
resistance and thus small change in voltage signal. To detect the weak voltage signal, a strategy
should be taken to amplify the signal to fit into the detection range of a data acquisition device.
Besides, the noise of measurements should be reduced in order to increase the limit of detection.
To address the requirements, a lock-in amplifier (SRS 830) was employed. The lock-in amplifier
uses a technique of phase-sensitive detection to select the component of the signal at a specific
reference frequency and phase [155]. Noise signals of measurements at frequencies different from
the reference frequency are rejected.
The resolution of measurement electronics improves with smaller measurement ranges. To fit
the signal into a smaller measurement range of the lock-in amplifier, a crucial step is to reduce
the background signal level of measurements. In this respect, a Wheatstone bridge measurement
circuit consisting of a GMR sensor and other resistors was employed (Figure 3.9a). Instead of
directly measuring the change of the resistance of a GMR sensor resulting from an external
magnetic field, the differential voltage change from the bridge was measured. The background
signal level can be minimized by balancing the bridge with other resistors.
Another factor is data acquisition speed. In microfluidics, the flow speed may range from a
few mm/s to a few cm/s. Assuming that a droplet with a length of 100 µm crosses a GMR
sensor with a size of 10 µm at a speed of 1 mm/s , the crossing time is about 100 ms. In
addition, within such a time interval there should be sufficient data points to resolve a detection
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Figure 3.9 Principle of fluidic measurement setups. (a) The GMR sensor Rs used for detection is included
as a component of a Wheatstone bridge with other three resistors (R1, R2, R3). (b) The differential voltage
signal ∆V of the Wheatstone bridge shown in (a) is amplified by the lock-in amplifier (AMP). The lock-in
output is picked up by a data acquisition box (NI USB-6009). The circuit is controlled by a LabVIEW
interface. For sorting experiments, the detection signal is analyzed by the LabVIEW program and a trigger
signal is sent by the control box NI USB-6009, which switches a 3-way isolated valve to actuate the
microfluidic membrane valve. (c) Sketch showing syringes loading ferrofluid and oil are connected to fluidic
channels to form ferrofluid droplets.
peak. If a peak is resolved by 10 data points, the sampling rate should be 100 Hz. The crossing
time decreases with an increasing flow speed and smaller droplets. Therefore, the sampling rate
of the real-time measurement electronics should be in the corresponding range (hundreds of Hz
to a few kHz) so as to successfully resolve droplets flowing at a speed ranging from 1 mm/s to a
few cm/s. For this purpose, a data acquisition box (NI-USB 6009) with a maximum sampling
rate up to 48 kHz was used to collect the data.
For real-time measurements, a reference alternating current (AC) of about 1 mA was applied
to the sensor with a frequency of 1 kHz. The differential voltage output of the bridge was
fed into the lock-in amplifier to amplify the signal and reduce the noise (Figure 3.9c). The
analog direct current (DC) output of the lock-in amplifier was picked up by a data acquisition
box (NI-USB 6009). An external magnetic field produced by a permanent magnet (A1045,
IBS Magnet) was utilized to bias the sensor to the most sensitive region. The position of the
magnet was adjusted carefully via monitoring the signal output in order to achieve the optimum
signal output. Furthermore, as the droplets contain ferrofluids which are aqueous suspension
of superparamagnetic particles, an external magnetic field should be applied to induce net
36 Experimental Methods
magnetic moments for sensing. Hence, the magnetic field provided by the permanent magnet
can be simultaneously used to magnetize the superparamagnetic nanoparticles.
For active sorting of droplets (Chapter 6), the microfluidic membrane valves was connected
with a 3-way isolation valve (Cetoni GmbH, one way open, one way closed) through which
pressurized gas was applied to control the membrane valves. A LabVIEW control program
and a control circuit were designed and constructed for the magnetically-activated selection.
The voltage signal from the data acquisition box was computed in the LabVIEW program
to evaluate the signal change, which was compared with a base threshold value that defines
a droplet detection event. For selection, the voltage signal of a detected droplet was further
compared with a second threshold selection voltage, the result of which determines the logic
state ‘1’ and ‘0’ (referring to Chapter 6) and were logically computed with the instruction control
(Boolean operation) to generate the logic output. The number of a droplet train is defined by
an input control value in LabVIEW program. For the quality control during particle synthesis,
a selection range is defined by different threshold voltages set, the results of the comparison
between a detected signal with the defined range were used to actively actuate the valves. For
the size-based sorting, the detection peak width was used as the sorting criterion. The peak
width is computed from the temporal shift between the rising and falling edges of the detection
peak, which are determined by the maximum of the squared 2nd derivative of the signal.
To produce ferrofluid droplets in a fluidic channel, syringe pumps (Cetoni GmbH, neMESYS)
with up to five dosing units were employed to drive syringes loading different fluids. The fluids
were pumped into the fluidic channel through inlets created by a biopsy puncher with a diameter
of 1 mm. Polytetrafluoroethylene (PTFE) tubings were used to connect the syringe needles
with the inlets of microfluidic channels (Figure3.9c). The flow rates of each fluid can be varied
at needs, which are chosen for specific experiments.
Chapter 4
Magnetic Indexing of Droplets
Analogous to the optical indexing scheme with respect to a droplet-based microfluidic system
relying on optics, magnetic indexing is the cornerstone of a droplet-based micro-magnetofluidic
system. Magnetic indexing is realized by coencapsulating magnetic nanoparticles with other bio-
chemical species in droplets produced by a flow focusing geometry. Decoding of the magnetically-
encoded droplets is enabled by a magnetic field sensor integrated in a microfluidic flow channel.
By combining fluorescent dyes and an optical detector, multidimensional magnetic and optical
droplet codes can be successfully created, which expands the indexing capacity of using only
optical indexing methods by more than 1 order of magnitude. The result manifests the ad-
vantages of introducing the magnetic indexing scheme to existing droplet microfluidic systems.
Successful design and realization of multiple functional modules in a single microfluidic device
to perform droplet indexing and decoding lay the foundation for the subsequent development
of more complex functionalities, e.g. analytics and sorting, of a droplet-based magnetofluidic
system inheriting the magnetic indexing and detection principle.
Results in this chapter are based on the publication in [31].
4.1 Functional design of the device
The magnetic indexing device is composed of multiple functional modules to perform multiple
tasks (Figure 4.1). The front end of the device is an encoding area where different biochemical
species such as drugs, proteins, and DNAs can be encoded with magnetic nanoparticles (MNPs)
or fluorescent dyes by being coencapsulated into the microfluidic channel. In the particular
case for proof-of-concept, the study employs penicillin which was previously functionalized with
BODIPY fluorescent dyes. The encoding area consists of a main channel flanked by several side
channels. MNPs are injected from the top channel (channel 1, in Figure 4.1a) and penicillin
is injected from the bottom channel (channel 2, in Figure 4.1a) in a laminar flow. After the
junction, a serpentine channel serves as a flow damper, facilitating the lateral mixing of penicillin
and MNPs by diffusion. The coencapsulation process represents the first step to bring magnetic
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or optical labels into droplets together with the biochemical species, i.e. penicillin in this
particular demonstration. The same principle could be extended in case more channels are
added (channel 3, in Figure 4.1b) to encode more species within the droplets. A cross-junction
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Figure 4.1 Conceptual image of a droplet-based magnetic indexing device. It is composed of several
functional modules (marked by squares): (1) encoding area (2) encoded droplet pool for storage (3) decoding
area. (a) Color-coded microscopic graph of the coencapsulation area for magnetic nanoparticles (MNPs) and
fluorescent penicillin (P). Fluorescent micrographs of the coencapsulation of MNPs and P using different
combination of flow parameters: MNPs: 8 nL/s, P: 2 nL/s (a-1); MNPs: 5 nL/s, P: 5 nL/s (a-2); MNPs:
2 nL/s, P: 8 nL/s (a-3). (b) Water (W) is used to dilute the mixture of MNPs and P. Arrows indicate the
flow directions. (c) Optical photograph of the magnetic encoding device. Dashed squares indicate the inlets
where magnetic nanoparticles (MNPs), oil (O), penicillin (P) and water (W) are injected. (Right-bottom)
Schematic diagram of two dimensional droplet codes which can be produced based on joint optical and
magnetic voltage signal when combining the coencapsulation of MNPs, penicillin and water. Each point
inside the diagram represents a single joint droplet code. Adapted from Ref. [31].
was designed to generate droplets which were afterwards directed into an enlarged dimension of
a microfluidic channel (Figure 4.2a, encoded droplet pool), facilitating optical observations that
alleviates the need of increasing the frame rates of a high speed camera that may reduce the
optical intensity. Right behind the reservoir, droplets were further reinjected into a microfluidic
channel for decoding (Figure 4.2b). In this case, oil was injected from a side channel to increase
the spacing to avoid potential interferences during magnetic measurements. GMR sensors served
as the decoding elements for the encoded droplets.
To detect small amounts of magnetic nanoparticles encapsulated in droplets of a few nanoliters
and ensure high sensitivity, the size of the sensing element should be compatible to the size of
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Figure 4.2 (a) Bright-field micrograph of a cross-junction for droplet formation and a reservoir (droplet
pool). (b) Bright-field micrograph showing droplet reinjection to a microfluidic channel and detection by
GMR sensors. Scale bars in (a) and (b): 200 µm. (c) GMR curve (left, black) of an integrated GMR sensor
and its field dependent sensitivity (right, red). Inset: micrograph of the GMR sensor. Scale bar: 50 µm.
Adapted from Ref. [31].
the objects of interest in order to ensure the highest sensitivity. A GMR sensor composed of
[Py (1.5 nm)/Cu (2.3 nm)]30 coupled at the 2nd antiferromagnetic maximum is chosen. The
sensor was prepared by lithography and magnetron sputtering, details of the fabrications are
provided in Chapter 3. The GMR sensors were designed as a meander shape which is composed
of 19 turns of 3 × 100 µm2 GMR stripes, covering a total sensing area of approximately 100
× 100 µm2 (Figure 4.2b-inset). This design allows the sensitive detection of magnetic stray
fields of droplets over an enlarged area , which is suitable for the purpose of quantification.
Magnetoelectrical characterization of the integrated GMR sensor shows a GMR ratio of 11%
(Figure 4.2b). The channel has a width of 100 µm, and a height of 80 µm. The sensor presents a
maximum sensitivity of 0.3%/Oe at a field of about 10 Oe, which ensures the successful in-flow
detection of magnetic objects.
4.2 Operation of the device for droplet indexing
For droplet formation, mineral oil (Sigma Aldrich, M8510) with 5% SPAN 80 (surfactant)
was used as the continuous phase, ferrofluid nanoparticles (Chemicell, fluidMAG-PAS) either
diluted with deionized water or coencapsulated with fluorescent penicillin (BOCILLIN FL,
Life Technologies) were used as dispersed phase. The penicillin has been functionalized with
BODIPY fluorescent dye which emits green fluorescence at 510 ± 4 nm. The penicillin is still
active against microbes, as has been extensively used to identify penicillin-binding proteins.
Fluids filled in separate syringes were pumped into the device driven by external syringe
pumps (Cetoni GmbH). For encoding, the device was operated in a squeezing regime to produce
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droplets of defined volumes for subsequent intensity encoding. In the squeezing regime, the
volume of droplets was determined solely by the ratio of the flow rates of the continuous phase
and the disperse phase [47], which is characterized by a relatively low capillary number with
a low flow speed. In the present study, the flow rate of oil was kept constant at 30 nL/s, and
the flow rate of the disperse phase (including magnetic nanoparticles and penicillin) was kept
constant at 10 nL/s to ensure that the ratio of the flow rates of the continuous and the disperse
phase is the same. To vary the concentration of each component in droplets, only the ratio of
the flow rate of each component was changed.
MNPs:8 nL/s, P: 2 nL/s MNPs: 5 nL/s, P: 5 nL/s MNPs: 2 nL/s, P: 8 nL/s
Figure 4.3 Evolution of the fluorescent contrast of droplets with the change of flow rates of magnetic
nanoparticles (MNPs) and penicillin (P). Dashed red lines depicting the edges of the microfluidic channel.
Yellow dashed circles indicating the location of droplets. The size of droplets is 150 µm in diameter. Adapted
from Ref. [31].
Firstly, the flow rate of water in the dilution channel 3 is kept at 0. By competing injection
of two fluids with different flow rates, the concentrations of the encapsulated biochemical
components can be varied in subsequent produced droplets (Figure 4.1, a1-a3). With different
flow rate combinations, the amounts of penicillin and magnetic particles are varied. For optical
decoding, the fluorescence intensity of the corresponding droplets are measured for droplets in
the reservoir as shown in Figure 4.3.
Magnetic decoding of these droplets by a GMR sensor (Figure 4.2a) features with isolated
detection peaks. Each peak represents the detection of a single magnetically-encoded droplet. As
the magnetic voltage signal reflects the amount of MNPs inside the droplets and the fluorescent
signal is related to the concentration of penicillin inside the droplets, the inverse dependency of
fluorescent intensity and magnetic signals evidences the competing injection process of MNPs
and fluorescent penicillin during the coencapsulation process. To encode droplets encapsulating
only one biochemical species of single variant, i.e. penicillin with variations in concentration, it
is sufficient to use only two injecting channels with either different concentrations of MNPs or
fluorescent dyes as droplet codes. The advantage of coencapsulating MNPs with fluorescent
dyes is that, when penicillin is diluted to the low concentration range, the weak intensity of
the fluorescent signal is challenging to detect. The coencapsulation of higher concentrations of
MNPs can extend the detection range.
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Figure 4.4 (a) Real-time detection of emulsion droplets by a GMR sensor, which are produced at different
flow rates of magnetic nanoparticles (MNPs) and fluorescent penicillin (P). (b) Comparison of the measured
fluorescent intensity (red) and the measured voltage amplitude (black) of the detection peaks of emulsion
droplets by a GMR sensor during the coencapsulation of magnetic nanoparticles (MNPs) and penicillin via
two injecting channel 1 and 2 as shown in Figure 4.1a. Adapted from Ref. [31].
4.3 Multidimensional magnetic and optical indexing
To encode droplets carrying more than one single biochemical species, additional injecting
channels should be included (Figure 4.1b). Thus droplet codes of bi- or multi-variants should
be used. In this case, water can be used as a buffer to create two dimensional codes based
on joint fluorescent and magnetic voltage signals (Figure 4.5). The coencapsulation of water
dilutes the mixture of MNPs and penicillin by an increasing flow rate of water. To be noted,
opaque MNPs may block part of the emission from fluorescent dyes (Figure 4.6). It accounts for
the deviation of the dependency of fluorescence intensity from a linear relationship at higher
concentration of magnetic nanoparticles (Figure 4.4b and Figure 4.5b). The deviation from a
linear behavior at the low fluorescent intensity range in Figure 4.5b could be partially ascribed
to the fact that the low fluorescent intensity falls out of the linear detection range of the optical
detector. Hence, further increasing the total number of multidimensional hybrid magnetic and
optical droplet codes could rely on highly magnetized low concentrated magnetic nanoparticles
in order to alleviate the issue.
An encoding diagram summarizing the joint fluorescent and magnetic codes is illustrated in
Figure 4.7a. For a single coencapsulation process of MNPs and fluorescent penicillin using two
injecting channels (channel 1 & 2, in Figure 4.7), fluorescent penicillin is diluted by the solution
of MNPs. Different concentrations of penicillin can be associated with either fluorescent signal
or magnetic signal. The codes are located along the blue line as indicated in the diagram. Due
to the completing injection mechanism, a larger concentration of penicillin is associated with
a lower magnetic voltage signal. When another channel (channel 3, in Figure 4.1b) is used to
inject additional chemical, like water, both the fluorescent and magnetic voltage signal are used
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Figure 4.5 (a) Real-time detection of droplets by a GMR sensor. The flow rates of the mixture of magnetic
nanoparticles (MNPs) and penicillin (P) as well as water (W) are adjusted accordingly. (b) Comparison of
the fluorescent intensity (red) and the voltage amplitude (black) of the detection of droplets by a GMR
sensor during the dilution of MNPs and P by water. Adapted from Ref. [31].
as joint barcodes thus the diagram of droplet codes is expanded in the direction as indicated by
the arrow, which spans a triangular area enclosed by the two background lines (dashed lines)
and the coencapsulation line (blue solid line). With appropriate selection of the concentrations
and flow rates of fluorescent dyes, MNPs and the buffer (water), a full range of droplet barcodes
covering the whole triangular area can be produced on demand.
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Figure 4.6 The dependence of fluorescence intensity of penicillin (50 µg/mL) on the concentration of
mixed magnetic nanoparticles (MNPs). Trend line indicates the exponential decrease of fluorescence as the
concentration of MNPs increases. Adapted from Ref. [31].
The sensitivity of the system for producing distinguishable droplet codes can be evaluated
from the standard deviation (σ) of fluorescence/magnetic signals measured over a large array
of as-produced droplets under selected flow parameters. Analysis of the histograms of the
decoded signals (Figure 4.7b) reveals that the standard deviations (σ) of magnetic voltage
signal and fluorescence intensity measured over a large array of as-produced droplets under
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selective flow parameters is about 1.5 µV and 1.6, respectively. About 96% of droplets can be
reproduced within a confidence interval (2σ). The number of codes depends on the maximum
signal amplitude which can be obtained by a magnetic field sensor and could be also scaled
up by using highly magnetized magnetic nanoparticles [156]. In addition, the microfluidic
flow conditions and the sensitivity of the device could be improved to minimize the standard
deviations so that the number of distinguishable codes can be increased.
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Figure 4.7 (a) Two-dimensional encoding diagram based on joint optical and magnetic signals. The
dashed lines are the corresponding background levels of fluorescence and magnetic measurements. The
solid lines are guide to the eye. (b) Histograms of the measured magnetic voltage signal amplitudes (left)
and fluorescence intensity (right) over about 100 droplets produced under selected flow parameters: MNPs:
5 nL/s, fluorescent penicillin: 5 nL/s. The curves are Gaussian fits to the histograms. Adapted from Ref.
[31].
The facile approach of introducing MNPs into the family of droplet encoding library is more
advantageous than using solely optical codes, and can be used as an alternative approach in
some applications especially when droplets are formed or reinjected into the microfluidic channel
at high frequencies for high throughput screening. It requires the frame rate (1/Exposure time)
of optical detectors to be accordingly increased to resolve individual droplets (Figure 4.8a).
The maximum measurable droplet frequency is limited by the frame rate of the high speed
camera during a measurement, due to the fact that the exposure time should be shorter than
the time interval between two consecutively passing droplets so as to avoid interference. The
maximum frame rate of the camera is further limited by the fluorescence intensity which drops
drastically with the increase of the frame rate (Figure 4.8, black). Based on the level of the
optical background as indicated in Figure 4.7, the maximum measurable droplet frequency with
the optical decoding method is about 0.5 kHz. In respect of the magnetic measurement, the
amplitude of magnetic voltage signal is constant when increasing the sampling rate of a data
acquisition box (DAQ) (Figure 4.8, red). Hence, magnetic detection provides more reproducible
results, which is less sensitive to the flow speed that can be easily varied under different flow
conditions in microfluidics.
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Figure 4.8 (a) Comparison of the dependence of magnetic voltage signals (red) and fluorescence signals
(black) on the sampling rate of a data acquisition box (DAQ) and the frame rate (equal to 1/Exposure time)
of a high-speed camera, respectively. Insets 1 to 4 are fluorescence graphs of a droplet taken at different
frame rates (50, 125, 250 and 500 fps) of the high-speed camera. (b) Real-time detection of the emulsion
droplets was conducted at a frequency (f) of about 240 droplets per second and about 310 droplets per
second. The red lines are curves smoothed by 2-point adjacent averaging. Adapted from Ref. [31].
In the present demonstration of droplet indexing, the frequency of droplet detection is about
10 droplets/s (Figure 4.4). The frequency of detection can be increased by increasing the flow
rates of oil and magnetic nanoparticles to increase the frequency of droplet formation and
passing them across the sensor. For instance, when the flow rate of oil is increased from 30 nL/s
to 900 nL/s and the flow rate of magnetic nanoparticles is increased from 10 nL/s to 100 nL/s,
the size of droplets is reduced from 150 µm to 80 µm with a frequency of detection about 240
droplets/s (Figure 4.8b). The signal amplitude decreases with further reduction of the size of
droplets due to the decrease of the amounts of encapsulated magnetic nanoparticles. Further
increasing the flow rate of oil to 1300 nL/s reduces the size of produced droplets to about 60
µm, which is the minimum detectable size of droplets of this device. As distinct signal levels
should be created to encode droplets, the present platform should be operated for droplets with
sizes larger than 100 µm in order to have an optimum encoding capability. To encode droplets
smaller than 100 µm, the dimension of the channel and the size of the GMR sensor should be
reduced to produce smaller size of droplets and to enhance the sensitivity of measurements.
The results suggest that to further increase of the throughput of the detection, one can collect
a number of encoded droplets followed by reinjecting them for detection at high frequencies,
which does not reduce the size of produced droplets due to the alteration of droplet formation
mechanism.
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4.4 Conclusion
This chapter has presented the first step to realize a multifunctional droplet-based magnetofluidic
system, which is composed of functional areas to perform consecutive tasks for magnetic indexing
and decoding. The approach of using a coencapsulation approach to incorporating various
amounts of magnetic nanoparticles as droplet codes has been shown. As a demonstration,
the measured magnetic signal is used to index the droplets carrying various concentrations
of fluorescently-modified penicillin. When combined with conventional fluorescent dyes, two-
dimensional joint codes combining magnetic and optical encoding material can be easily prepared
by the coencapsulation approach. The incorporation of magnetic codes extends the encoding
capacity by more than 1 order of magnitude compared with using solely optical codes.
The results demonstrate the feasibility of using such a magnetic measurement approach as a
potential decoding alternative to optical systems, paving the way for the development of novel
droplet microfluidic systems based on non-optical encoding strategies for future biomedical
applications.

Chapter 5
Multiparametric Analysis of
Magnetically-encoded Droplets
Inheriting the demonstrated magnetic indexing scheme in the preceding chapter, a generic
screening system should be capable of analyzing and differentiating various magnetically-encoded
droplets that are potentially associated with a variety of variants. Moreover, to derive useful
analytic information which is crucial for future multiplexed biological assays and diagnostics,
the capability to quantitatively analyze the encoded droplets by their physical properties, e.g.
the size and encapsulated magnetic content should be realized. Hence, a multiparametric
analytical technique substantiated by applying the key flow cytometric multiparametric analytic
method, i.e. supervised discriminant analysis, is put forth and introduced to droplet micro-
magnetofluidic systems to discriminate various groups of magnetically-encoded droplets and
analyze the differences of droplets in terms of the encapsulated magnetic content and the
droplet size. Several important factors that influence the quality of multiparametric analysis are
investigated. The analytical functionality is a prerequisite to realize a magnetic flow cytometry-
like screening system combining multiphase droplet microfluidic networks for drug screening,
magnetically-encoded multiplexed biological assays and diagnostics.
Results in this chapter are based on the publications in [32–34].
5.1 Scheme of multiparametric analysis
For magnetic in-flow detection, the magnetic stray field of a droplet passing by a GMR sensor
is detected as a voltage signal peak (Figure 5.1a). As the GMR sensor is a proximity sensor,
only local magnetic stray field from the droplet is detected. Previous simulations [131] in line
with our experimental results have shown that magnetic stray fields concentrate at two ends of
a droplet as reflected by the local maximums and minimums near the rising and falling edges of
the measured signal (Figure 5.1a). Thereby, the temporal shift (the peak width) between the
rising and falling edges of the detection peak can be used to derive the size of droplets [131].
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Figure 5.1 Concept of multiparametric analysis of droplets of various sizes and encapsulated magnetic
nanoparticles (MNPs). (a) Real-time detection peak of a droplet (top-left) smoothened by adjacent-averaging
of 100 points and its schematic representation to extract the parameters for analysis (top-right). Here the
amplitude (AMP) and the peak width (PW) are used as parameters for multiparametric analysis. The optical
micrograph (bottom-left) and the schematic sketch of a droplet passing by a GMR sensor in a microfluidic
channel (bottom-right). (b) Schematic multiparametric diagram for a group of sample droplets. The peak
width (size of droplets) and the signal amplitude (concentration of encapsulated magnetic nanoparticles)
are used as parameters. A droplet group can be labelled as (Ci, Sj). The average signal amplitude is Ci
with a dispersion ∆C, the average peak width of the group of droplets is Sj with th a dispersion ∆S. (c)
Schematic multiparametric diagram summarizing multiple reference droplet groups produced with known
properties which are labelled with #1 to #4. Adapted from Ref. [33].
Moreover, with a definite size of droplets, the magnetic stray field is proportional to the amounts
of magnetic nanoparticles encapsulated in the droplets [131]. Hence, the signal amplitude arising
from the maximum of the magnetic stray fields can be associated to the encapsulated amounts
of magnetic nanoparticles [31]. With the two parameters such as the peak width and the signal
amplitude, as well as for droplets produced with a certain set of flow parameters, the data can
be featured with a distribution of the detection events of droplets by means of Ci (the average
signal amplitude related to the concentration of magnetic nanoparticles) and Sj (the average
peak width related to the size of droplets) and respective dispersions (∆C, ∆S) in a typical
multiparametric diagram (Figure 5.1b). The spread of the detection events, analogous to optical
flow cytometry, comes from the variations in the size and the encapsulated magnetic content of
the produced droplets, flow conditions, and environmental variations during the measurements.
When multiple flow parameters are used to produce droplets of different sizes and encapsulated
magnetic content, a series of data clouds (e.g. #1 to #4) can span an entire diagram (Figure
5.1c).
The involvement of the encapsulated magnetic content and the size of the droplets as the
parameters for analysis are of great significance. The two parameters address the exact needs in
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biological assays [96] and particle synthesis [157] in droplet microfluidic systems, which mainly
rely on analyzing the changes of droplets (potentially induced by an analyte in, e.g. agglutination
assays) and controlling the properties of droplets (for the synthesis of encoded microparticles
for suspension arrays technology) associated with these two parameters, respectively. In all, the
magnetofluidic device should be capable of analyzing the difference in the properties of droplets,
identifying and discriminating different droplet containers associated with a variety of variants
from a large population.
To address the need to discriminate different encoded droplet containers or microparticles
that are associated with a variety of variants, a key functionality of flow cytometry, a technique
of supervised discriminant analysis (SDA) is applied [33]. SDA is a vital component of multi-
parametric analysis, which has been frequently used in computer science for machine learning
and pattern recognition [158], in financial system for risk estimation [159, 160] and in biomedical
applications for diagnosis of human diseases [160–162]. The essence of SDA lies in its powerful
discrimination ability of detection events based on reference databases and well established
algorithms, which allow us to substantiate the analytical capability of the magnetofluidic device.
In practice, the technique of SDA relies on prior measurements of multiple reference droplet
groups which are produced by multiple sets of flow parameters (e.g. #1 to #4 in Figure 5.1c).
The primary task of SDA is to allocate a group of measured sample droplets into the known
reference groups. The results of SDA can also serve as an objective means to evaluate the
droplet changes with respect to the reference, as well as to obtain discrimination efficiencies
which characterize the similarities between different droplet groups [33].
5.2 Extracting parameters
5.2.1 Algorithm for extracting parameters
The signal amplitude is derived from the height of detection peaks, while the peak width is
obtained from the time difference between the rising and falling edges of the detection peak
which can be derived from the local maxima of the squared 1st derivative of signal (denoted
by [d(∆V )/dt] 2, with ∆V the voltage signal and t the measurement time) (Figure 5.2a). In
all cases, it is crucial to effectively identify the detection peaks of droplets as well as the peak
positions of the squared 1st derivative of signal. An algorithm is applied for the peak search
which works in a way that the local maxima of the detection signals are searched for over a
defined time interval (∆t) by filtering the signal with a defined threshold height (in percentage
of the maximum height of the total signals). Only a local signal maximum larger than the
threshold height is identified as a peak found. Thus, various sets of the threshold height and ∆t
may determine whether a group of droplets can be robustly extracted from a sample data.
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Figure 5.2 (a) Real-time signal of a train of droplets measured by a GMR sensor (top panel). The squared
1st derivative of the voltage signal ((µV )2/s2) as a function of the measurement time. The dashed line
and colored rectangle indicate the level of the threshold height and the local time interval (∆t), respectively.
The blank inverted triangles label the identified droplet detection peaks (top) as well as the local maxima of
the squared 1st derivative of voltage signal (bottom) by the peak search algorithm. (b) The false rate (FR)
of counting as a function of the local time interval (∆t) with the threshold height of 20%. (c) Projection of
the 3D surface map of the false rate (FR) of counting as a function of ∆t and the value of threshold height.
Sectioning I and II are two line sectioning consistent with (b) and (d). (d) The false rate (FR) as a function
of the threshold height with a constant local time interval (∆t) of 100 ms. Adapted from Ref. [33].
5.2.2 Evaluation of the efficiency
The efficiency of peak search is evaluated by searching over a real-time data of a group of 500
droplets measured within a time frame of 180 s with different combinations of the threshold
height (from 10% to 90%) and ∆t (from 40 ms to 400 ms). The efficiency is evaluated according
to the false rate (FR) of counting: FR= |(NP-NA)|/NA, with NP the number of droplets
obtained from the search, NA the actual number of droplets (here equals to 500). An example
of the dependence of the FR on ∆t and the threshold height is shown in Figure 5.2b and Figure
5.2d, respectively. For a constant threshold height (20%), the FR increases either with lower (<
180 ms) or higher (> 300 ms) ∆t (Figure 5.2b). A similar trend is observed for the dependence
of FR on the value of the threshold height with a constant ∆t of 100 ms (Figure 5.2d). With
less than 20% or more than 60% of the threshold height defined for the peak search, the FR also
5.2 Extracting parameters 51
increases substantially. With a wavelength of droplet detection (periodic droplets typical for
droplet microfluidics) of about 300 ms (corresponding to a detection frequency of 3 droplets/s,
as shown in Figure 5.2a-top), it accounts for the increase of the FR if ∆t is set larger than 300
ms due to the fact that one of the neighboring peaks with the lower amplitude may be omitted
during the peak search. Similarly, for the threshold height larger than 60%, some peaks with
amplitude lower than 60% of the maximum height are not counted. Both lead to negative false
counting of droplets. For ∆t smaller than 180 ms and the value of the threshold height lower
than 30%, there is a positive false error owing to the fact that the signals of the same droplet
peak can be counted more than once and the noise signals may be also taken into account.
The boundary values of the threshold height indicate that within a droplet group the lowest
signal amplitude of a droplet and the highest noise level is about 60% and 30% of the maximum
amplitude of the signal, respectively.
The curves in Figure 5.2b and 5.2d are in accordance with the two line sectioning of the
projection of the 3D surface map of the FR (Figure 5.2c). For a large set of the threshold height
and ∆t, there exists apparently a working band, where the detection peaks of droplets can be
robustly extracted without artifacts (FR = 0). This working band is located in the dark violet
region of the surface map enclosed by these boundary values of the threshold height (30% to
60%) and ∆t (180 ms to 300 ms). The same principle has also been used for the identification
of the local maxima of the squared 1st derivative of signals in order to extract the peak width.
The peak centers (labelled with blank triangles) can be robustly identified from the peak search
algorithm as shown in Figure 5.2a-bottom.
5.2.3 Algorithm of SDA
To perform the discrimination of droplets with SDA, a bivariate sample data set comprising the
two parameters (the signal amplitude and the peak width) has been obtained by setting the
threshold values in the corresponding working band (∆t: 200 ms, threshold height: 40%). These
data were measured by an integrated spin valve sensor in a microfluidic channel (Magnetoelec-
trical characterizations of the sensor are provided in the subsequent section). A multiparametric
density plot illustrating the data is shown in Figure 5.3. Each point in the plot represents a
detection event of an emulsion droplet. Although the large sample data shows regional clustering
of data points (indicated by ellipses in Figure 5.3, a-1), manual ‘gating’ or partitioning of the
events through visual inspection into their own groups is subjective and difficult.
The technique of SDA can perform the task, that is, to allocate an unknown population of
droplets into known classified (reference) groups. As the droplets are produced with 4 definite
flow parameters, reference droplet groups are those produced with the same 4 flow parameters
(Figure 5.3, a-2). The basic principle of performing SDA is to firstly maximize the differences
between reference groups by data training. The reference droplet group can be trained by either
fitting to a 2D Gauss function which only considers the distribution of data in a simpler case
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Figure 5.3 Multiparametric density plot (a-1) for a large population of sample droplets with peak width
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group #2, 7.5 mg/mL and 200 pL for the group #3, 7.5 mg/mL and 400 pL for the group #4. Adapted
from Ref. [33].
(approach A), or by evaluating its covariance matrix which summarizes the correlation in the
variables (approach B). Both approaches have been used in this work to compare the quality of
SDA.
Approach A
For approach A, a reference group k is fitting to a 2D Gauss function (Gk) for the training
and the posterior probability qXk of each sample droplet X belonging to a reference group k is
calculated as:
qXk = Gk(X) = A · exp(−(
(x− x0)2
2σ2x
+ (y − y0)
2
2σ2y
)) (5.1)
here A is the amplitude; x, y is the parameters for the analysis, i.e. the signal amplitude and
the width of the peak, respectively; x0, y0 is the center of Gauss function; σx and σy is the x
and y spreads of the function.
Approach B
Regarding approach B, the within-group covariance matrix of each group characterizes the
group and is used to evaluate the Mahalanobis distance [163] (DXk) between each detection
event within the group. The posterior probability of an unknown detection event from the
measured sample is further evaluated based on the Mahalanobis distance of the detection event
from each reference group and the covariance matrix of each reference group. The within-group
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covariance matrix of a droplet group k is defined as [164]:
Σk =
Σ11 Σ12
Σ21 Σ22
 =
E[(xi − xi)(xi − xi)] E[(xi − xi)(xj − xj)]
E[(xj − xj)(xi − xi)] E[(xj − xj)(xj − xj)]
 (5.2)
with Σij (i, j = 1, 2) the covariance of the ith-variable xi and jth-variable xj, and E(xi, xj)
the expectation of the product of variables xi and xj, xi and xj being the mean values of the
variable xi and xj in the droplet group, respectively. For the analysis, the variables xi and xj
are the signal amplitude and the width of detection events of droplets measured by a GMR
sensor, respectively.
The Mahalanobis distance (DXk) is used to measure the distance of a specified detection
event X from the distribution of the detection events in the droplet group k, which is given by
[165]:
DXk =
√
(X −Xk)TΣ−1k (X −Xk) (5.3)
here Xk is the mean value of the distribution of the droplet events in a reference droplet group
k, Σ−1k is the inverse of the covariance matrix of the group k. Together with the within-group
covariance matrices ∑k, they can be further used to compute the posterior probability qXk of
detecting a droplet event (X) belonging to the k droplet group for the whole discrimination
[166]:
log(qXk) = −
1
2D
2
Xk + log(πk)−
1
2 log|
∑
k
|+ c0 (5.4)
where πk is the prior probability of detecting a droplet from the group k (πk = 1/ng, with ng
the number of groups), and c0 is the normalizing constant.
To perform the discrimination, the posterior probability of each droplet is computed for
every reference group and those posterior probabilities are compared with each other to allocate
the droplet to the reference group which provides the largest posterior probability.
5.3 Results of discriminant analysis
The result of SDA of the whole sample data with the two approaches is shown in Figure 5.4.
The height of each bar indicates the predicted population for each group. The color denotes
which reference droplet group the allocated droplets are originally belonging to. Compared with
approach B, a larger proportion of droplets from group #3 (green) is misallocated to group #1
(black) by approach A (Figure 5.4a-top). This large misallocation is caused by the initial large
spatial overlap of the reference groups #1 and #3 which cannot be differentiated with Gauss
fitting.
However, by taking into account the correlation of the variables (the peak width and the
signal amplitude) with covariance matrix, the misallocation can be minimized. The error rates
of discrimination of droplets with respect to each group based on the two approaches are
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Figure 5.4 (a) Predicted droplet populations of the large sample droplets in (Figure 5.3, a-1) which are
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error rate of discrimination of droplets for each group based on approach A and B. Adapted from Ref. [34]
summarized in Figure 5.4b. For approach A, the error rate of group #3 reaches 29% with a
total error rate of 9%. Despite of some overlap of data points in the training groups, approach
B shows an error rate below 4% for all groups with a total error rate of only 2%. It indicates
that with approach B, for a droplet of total volume about 500 pL, the microfluidic device can
successfully discriminate droplets produced with differences in the volume and concentration of
encapsulated ferrofluids as small as 200 pL and 2.5 mg/mL, respectively, with a high efficiency
and accuracy. This represents the first demonstrated example of applying the method of SDA
to analyze droplets of different properties for magnetofluidics, already enabling the device as a
tool for the discrimination of droplet changes (in the order of a few nanoliters and mg/mL of
magnetic particles) for, e.g. magnetic immuno-agglutination assays [96].
The factors determining the successful rates of discrimination by performing SDA with
approach B were further investigated. Every two droplet groups in Figure 5.3a were chosen for
SDA and the corresponding error rates of SDA were evaluated. The results are shown in Figure
5.5. The pairs of droplet groups are plotted in the order of increasing accuracy. The group
distance between two droplet groups D is:
D2 = D2kl +D2lk (5.5)
where Dkl is the Mahalanobis distance of the droplet group k to the mean value of group l and
vice versa.
The group distance defines the similarity of two droplet groups, which accounts for the
reduced accuracy of discrimination with a smaller group distance. On the other hand, SDA of
two droplet groups provides a means to analyze the similarity of two flow parameters used for
droplet formation. For instance, the error rate of discrimination with SDA on the two droplet
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[33].
groups, e.g. group #1 and #2 is about 2% (Figure 5.5), which quantifies the similarity of the
two droplet groups. The overlap between groups #1 and #3 results from the fact that the
signal difference between the two groups is almost comparable to the noise level (3.5 µV). A
larger error rate of SDA corresponds to a smaller group distance and a larger overlap. All
the above suggests that flow conditions as well as the signal to noise ratio can be optimized
to minimize the size dispersity and the similarity of droplet distribution so as to increase the
screening capability and the success rate of SDA for multiplexed assays in practical applications.
In such a case, the method of SDA can be used for the optimization of different flow parameters
to produce well distinguishable droplet populations before they are put into use to encapsulate
various biochemical species for screening.
5.4 Design and fabrication of strong ferromagnetically-
coupled spin valve sensors
The above measurement results for SDA were obtained with an integrated spin valve sensor in a
microfluidic channel. The sensor was designed to be strongly ferromagnetically coupled in order
to shift the sensitive region towards a larger field. The large bias field allows larger magnetic
field to be applied to induce larger magnetic moments of magnetic particles for sensing. The
sensor has a size of 6 x 100 µm2 and GMR of about 3.5%, which is optimized with a biasing
field of about 70 Oe (Figure 5.6).
To achieve a hysteresis-free sensor response, the magnetization of the free layer should reverse
via a coherent rotation process [128]. The strength of interlayer exchange coupling, as well as
the anisotropy configuration play a crucial role in the magnetization reversal mode of spin valve
sensors [167]. The former is determined by the thickness of the spacer layer of spin valve sensors
[119, 122]. To optimize the coupling strength aiming at the increase of the biasing point of the
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Figure 5.6 (a) Photograph of the magnetofluidic device with a small size of GMR sensor (6 x 100 µm2).
(Inset) Photograph of the magnified area showing a droplet passing by the GMR sensor in a PDMS channel.
(b Magnetoelectrical characteristics of the integrated GMR sensor with a size of 6 x 100 µm2. Adapted
from Ref. [34].
sensor as needed for dynamic detection, a series of spin valve sensors with different thicknesses
of the Cu spacer was prepared in the range from 1.8 nm to 3.0 nm. For the experiments on
the sensor optimization, the layer stack was patterned into rectangular stripes with a size of 1
× 16 mm2. The exchange bias direction of the sensors was set during the deposition, which is
either along the long axis or the short axis of the sensor stripes (Figure 5.7a). The interlayer
exchange coupling between the free layer and the pinned layer thus creates an induced uniaxial
anisotropy, which is parallel to the pinning direction (the exchange bias direction). On the other
hand, the large aspect ratio of the sensor stripe induces a shape anisotropy along the long axis
of the sensor stripe. Thus, according to the arrangements of the exchange bias direction with
respect to the shape anisotropy, two configurations of spin valve sensors with crossed or parallel
anisotropies can be realized.
The GMR curves of spin valve sensors with the two different anisotropy configurations are
shown in Figure 5.7b. With the reduction of the thickness of Cu from 3.0 nm to 1.8 nm, the
exchange coupling strength, as characterized by the shift of the free layer’s response curves, of
both series of spin valve sensors increases. As the shift of the free layer’s response curves is
opposite the pinning direction (in the negative direction of the magnetic field), the exchange
coupling is ferromagnetic. It was observed that the ferromagnetic coupling fields for the sensors
pinned along the short axis of the stripes (crossed anisotropy configuration) are smaller than
those pinned along the long axis of the stripes (parallel configuration), which can be attributed
to magnetic stringing fields emanating from the pinned layer.
The ferromagnetic coupling field typically arises from two contributions: orange peel coupling
and direct coupling through pinholes. The orange peel coupling can be described in the frame
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Figure 5.7 (a) Schematics of two anisotropy configurations of spin valve sensors, which are achieved
by setting the direction of exchange bias with respect to shape anisotropy. For Configuration A (crossed
anisotropy), the exchange bias is along the short axis of the sensor stripe, and hence, it is perpendicular to
the direction of the shape anisotropy. For Configuration B (parallel anisotropy), it is along the long axis of
the sensor stripe parallel to the direction of the shape anisotropy; (b) GMR curves for the spin valve sensors
prepared with crossed and parallel anisotropy configurations. The spin valve sensors are of the same layer
stack structure as shown in (a) and the thickness of Cu ranges from 1.8 nm to 3.0 nm. Inset: The GMR
response of the free layer. The x- and y- axis correspond to those in the main figure. Adapted from Ref.
[34].
of the Néel model [168]:
Hcoupling =M
π2√
2
γ2c
λ
1
tF
exp(−2π
√
2ts
λ
) (5.6)
with M being the magnetization of the pinned layer, tF and ts being the thickness of the free
layer and the spacer layer, λ and γc being the wavelength and the magnitude of correlated
roughness, respectively. The Néel model can be successfully applied to fit to the experimental
data with spacer thickness ≥ 2.2 nm (Figure 5.8a) for sensors designed with a parallel anisotropy
configuration (without stringing field coupling). A wavelength λ ∼ 13 nm and a roughness γc ∼
0.23 nm are determined, which are close to the same parameters extracted from similar spin
valve sensors [169]. For Cu thicknesses smaller than 2.2 nm, a large deviation from the Néel fit
is observed. Hence, the strong coupling field could be ascribed to the formation of pinholes in
the Cu spacer [169].
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With the increased ferromagnetic coupling strength, a hysteresis-free sensor response of the
free layer is achieved (Figure 5.7b). Although characterized by a smaller GMR ratio (Figure
5.8b) compared with other hysteresis-free sensors of larger spacer thickness (2 nm), the spin
valve sensor with the Cu thickness 1.8 nm and crossed anisotropy shows the largest coupling
field (about 70 Oe) and a rather broad sensing range. These features are advantageous for
magnetic in-flow detection, i.e., a large external magnetic field can be applied to magnetize the
particles to induce a larger magnetic moment and, thus, to enhance the detected signals without
saturating the sensor. The amplitude of the detection signals, for instance, while measuring
droplets of a volume ∼1 nL containing ferrofluids of 7.5 mg/mL is about six times that of the
microfluidic device (about 5 µV) with an integrated sensor based on GMR multilayers (referring
to Chapter 7) in detecting the same amount of ferrofluids based on the same measurement
configuration.
5.5 Influencing factors for multiparametric analysis
In the following, the crucial factors, e.g. the size of a GMR sensor, as well as the biasing
magnetic field that may affect the quality of analysis are studied. We compare the detection
results measured by a magnetofluidic device consisting of a GMR sensor of larger size (1 x 16
mm2) (Figure 5.9). The fluidic circuit was assembled from PTFE tubings as fluidic channels and
a commercial cross junction (thru-hole diameter: 0.15 mm) to form droplets. The GMR sensor
is composed of [Py(1.5 nm)/Cu (2.3 nm)]30 multilayers coupled at the 2nd antiferromagnetic
maximum, which possesses a GMR ratio of 11% and an optimum sensitivity of 0.23%/Oe at a
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field of about 9 Oe. It is capable of detecting droplets produced with volumes ranging from 20
nL to a few microliters.
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Figure 5.9 (a) Photograph of the magnetofluidic device with a larger size of GMR sensor (1 x 16 mm2).
(Inset-1) Photograph of the patterned GMR sensor. (Inset-2) Photograph of the magnified area showing a
droplet passing by the GMR sensor in a PTFE channel. (b) Magnetoelectrical characteristics of the GMR
sensor with a size of 1 x 16 mm2. Adapted from Ref. [32].
The dependencies of the detection peak width and signal amplitude on the length of droplets
(along the droplet travel direction along the flow) are compared between the two magnetofluidic
devices based on the small (size: 6 x 100 µm2) and the large (size: 1 x 16 mm2) GMR sensor.
The length of droplets (with volumes ranging from 200 pL to a few nanoliters) is proportional
to the peak width for measurements with the small sensor (Figure 5.10a), which is consistent
with that obtained using the large sensor (droplet length > 1 mm). However, it is noted that
when droplets are smaller than the size of a GMR sensor, the peak width is not longer related
to the change of the droplet length (Figure 5.10b). This can be ascribed to the fact that the
GMR sensor is a proximity sensor and only detects local magnetic stray fields exposing to the
sensor’s sensing area.
Another evidence of this mechanism is seen from the dependence of the signal amplitude on
the droplet length. For measurements with the large sensor, the increase of the signal amplitude
with the droplet length is ascribed to the gradual increase of the sensing area exposed to the
magnetic field. When the droplet length exceeds the size of the sensor (along the droplet travel
direction), the sensor is not longer sensitive to the change of the droplet length. However, for
measurements with the small sensor, the droplet length (>100 µm) along the travel direction is
larger than the size of the spin valve sensor (6 µm). Hence, the change of the signal amplitude
with the droplet length is ascribed to the stretching of droplets along the flow direction by
an external magnetic force. This leads to the shrink of droplets in the direction transverse to
the droplet travel. This statement is confirmed by microscopy through measuring the width
of droplets (perpendicular to the droplet travel direction) with respect to different lengths of
droplets (Figure 5.11a).
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Figure 5.10 Dependence of the peak width and signal amplitude on the length of droplets for magnetofluidic
devices based on a (a) small (size: 6 x 100 µm2) and a (b) large GMR sensor (size: 1 x 16 mm2). Lines are
guides to the eye. The inset depicting the schematic to measure the width and length of droplets. Adapted
from [32, 34].
The external magnetic force results from the external magnetic field used to magnetize the
superparamagnetic nanoparticles. The effect of droplet deformation under an external magnetic
field has been studied previously on sessile microliter-droplets [170]. It was shown that the
deformation is determined by the balance of magnetic surface force, gravitational force and
surface tension. Surface tension is an intrinsic property of a liquid’s interface with another
contacting medium, which is referring to as the interfacial force per length or interfacial energy
per area (density). In microfluidic measurements with nanoliter-droplets, magnetic force and
interfacial energy are the main contributions to the final shape of droplets. With a constant
external magnetic field of about 70 Oe, a relatively large magnetic force is exerted on the
droplets carrying larger concentrations of ferrofluids thus, giving rise to substantial shrink of
the droplets perpendicular to the droplet travel direction. This is evidenced by the decrease
of the droplet width when the concentration of ferrofluids is increased from 5.0 mg/mL to 7.5
mg/mL (Figure 5.11b). It is noted that the initial surface area of longer droplets is larger than
the smaller ones. The interfacial energy to be overcome in order to stretch larger droplets to
an equal extent is larger than smaller droplets. This mechanism has led to the effect of lateral
shrinkage being almost extinguished for longer droplets (Figure 5.11a).
A linear relationship of the signal amplitude with the droplet width is observed (Figure 5.11b).
The ratio of the slope of the two curves (1.56 ± 0.05) obtained from droplets encapsulating
ferrofluids of 5.0 mg/mL and 7.5 mg/mL can be determined by linear fits to the data. The
value agrees well with the ratio of the different concentrations of ferrofluids encapsulated in
the droplets (equal to 1.5). Considering the fact that magnetic stray fields decay quickly over
distance and the distance from the bottom of the channel to the sensor (about 500 nm) is far
smaller than the height of the channel (100 µm), only the magnetic stray fields generated from
the lower part of the droplets (close to the location of the sensor) contribute mainly to the
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Figure 5.11 (a) The droplet width as a function of the droplet length for different concentrations of
encapsulated ferrofluids (EMG 700, Ferrotec). Lines are guides to the eye. (b) The signal amplitude as a
function of the droplet width for different concentrations of encapsulated ferrofluids. Lines are linear fittings
to the data. Error bars are standard deviations of measured data. Adapted from [32, 34].
final detected signals. Thus, the detected signals are less dependent on the whole volume of
droplets, but rather the surface coverage of magnetic nanoparticles, which is analogous to the
linear dependence of detection signals on the surface coverage of magnetic particles by a GMR
sensor in a static detection format [129]. In agreement with this discussion and based on our
experimental data (Figure 5.11b), the signal amplitude can be given by ∆V ∼ c ·wd, with c the
concentration of ferrofluids and wd the width of the droplet, namely the size perpendicular to
the travel direction.
The fundamental effect of the lateral shrinkage of droplets under an external applied magnetic
field is crucial for magnetofluidic applications based on multiparametric analytics relying on
magnetic droplet barcodes. As the extent of shrinkage is a function of the droplet length and
the encapsulated concentration of ferrofluids, analysis based on the two parameters to analyze
the size and concentration of encapsulated magnetic content is still feasible, but needs a prior
calibration with optical measurements of the size. The effect determines the minimum volume
of droplets that can be still distinguished between droplet groups of two different concentrations.
For instance, the difference in the signal amplitude between two groups of droplets carrying
ferrofluids of 5.0 mg/mL and 7.5 mg/mL drops from 12 µV to 5 µV (Figure 5.11b), which may
eventually cause the overlap of signal amplitudes when the size of droplets becomes even smaller
(about 100 µm in length). Reducing the external magnetic field may alleviate this effect, but this
will result in the reduction of the signal amplitude. However, the results suggest that the lateral
shrinkage of droplets under an external magnetic field can be extinguished when droplets become
longer (> 500 µm) (Figure 5.11a) and only the lower part of droplets is contributing to the
detected signals. Thus, the fundamental understanding of these influencing factors provides a
solution for future development of a magnetofluidic platform to analyze and distinguish droplets
of even smaller volumes, that is, by integrating GMR sensors into a microfluidic channel with
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an even smaller cross-section to geometrically elongate droplets into longer plugs in order to
avoid this issue.
5.6 Conclusion
A multiparametric analytical functionality has been introduced to a droplet micro-magnetofluidic
system. The analytical capability has been substantiated by applying the technique of SDA
to discriminate bivariant droplets of different sizes and encapsulated magnetic content. Two
approaches for data training, i.e. with either Gauss function fitting or calculating covariance
matrix have been compared to study the quality of analysis. As an example, droplets produced
with differences in the encapsulated magnetic content and volume as small as 2.5 mg/mL and
200 pL have been identified with a high accuracy (98%), already enabling the device as a tool for
the discrimination of droplet changes for, e.g. magnetic agglutination assays [96]. The method
of SDA additionally provides a means to evaluate different flow parameters used for droplet
formation, which is of great significance for droplet-based multiplexed assays and synthesis and
screening of encoded magnetic microparticles as suspension arrays, where droplet containers
and microparticles encoded with high discrimination should be ensured. Different groups of
droplets produced with various flow parameters should be optimized to be well distinguishable
in order to achieve a successful prediction.
A spin valve sensor of a ferromagnetic coupling field of 70 Oe is achieved, which is about
five-times larger than that of conventional hysteresis-free spin valve sensors and GMR multilayers
used for magnetic in-flow detection. The strongly ferromagnetically-coupled spin valve sensors
with reduced hysteresis bring key advantages for magnetic in-flow detection: (i) a large in-
plane/out-of-plane magnetic field can be applied to magnetize ferrofluid particles to induce
large magnetic moments for sensing; (ii) it facilitates the operation of the device without easily
saturating the sensor; and (iii) it allows improving the signal-to-noise ratio. With this device,
the signal-to-noise ratio can be enhanced by six-times that of state-of-the-art realizations based
on GMR multilayers. The device has been able to analyze bivariant droplets produced in
microfluidics and to resolve the evolution of droplet size (volume: from ∼ 200 pL to a few
nanoliters) under an external applied magnetic field of up to 70 Oe. The studies are crucial for the
development of a new generation of magnetoresistance sensors, e.g. tunneling magnetoresistance
sensors for high-field magnetic sensing. Fundamental studies show that the size of a GMR sensor
should be smaller than the size of a droplet in order to analyze bivariants. In addition, it was
found that a large biasing magnetic field can stretch droplets along the direction of magnetic
field which may eventually lead to overlaps of detection events for multiparametric analysis. A
solution by geometrically elongating droplets into longer plugs has been proposed in order to
avoid this issue.
Chapter 6
Magnetically-activated Sorting of
Droplets
In the spirit of optical flow cytometers for fluorescent-activated sorting, we present in this
chapter of the functionality of magnetically-activated sorting of droplets (MASD) which offers
the capability to purify a group of droplets or actively select a single droplet from a large
population. It is shown in this chapter that the functionality of MASD synergistically enables
the demonstration of magnetic suspension array technology(MSAT) by imparting high degree of
process control in microfluidic networks.
As introduced in Chapter 2, encoded carriers not only play a vital role in droplet microfluidic
systems for on-chip indexing of droplet containers [171], but also they are important components
in suspension array technology as information tags to associate distinct measurable signals
with different variants in solutions [97]. Suspension array technology allows the throughput
of screening to be boosted by multiplexing and has proven its superior performance in terms
of fast reactions kinetics, better probe binding and flexibility of probe combinations [172].
Spectroscopic microparticles encapsulating, e.g. fluorescent dyes, have been practically and
commercially applied [73], as multiple colors of well separated spectroscopic wavelengths allow
100% discrimination capability. Moreover, these encoded microparticles can be decoded by
commercial flow cytometers at high throughput [83]. Nevertheless, due to spectral overlap, com-
mercial flow cytometers are limited to fewer than 20 channels but require expensive cumbersome
components such as three to five lasers, tens of filters and up to 20 detectors when multiple
colors are involved [173, 174]. More recent innovative graphical particles with codes embedded
spatially in the microcarriers offer virtually unlimited encoding capacity [175–177], but the
start-stop code creation requires new sets of photomasks for each code [70, 178]. Due to the
visual identification nature, instant feedback control continues to be challenging for applications
where automated continuous-flow operations are needed. On-demand creation and on-the-fly
decoding of encoded microcarriers by a cost-effective and automated compact system remains
to be a common pursue.
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Substantial efforts have been devoted toward seeking for new encoding material and strategies
to expand the encoding capability [81, 179]. In this respect, the same requirement of high
distinguishability, the ease of code generation and the feasibility of fast code readout should be
imposed to all alternative methods relying on other physical properties such as the amounts of
encoding material and the size of encoding particles [180]. Magnetic materials hold promise
to provide intrinsic advantages to suspension array technology that primarily relies on optics
[181]. Spatially distributed magnetic stray fields exhibited by magnetic entities, when properly
designed, may serve as distinct signals for encoding, which will not interfere with optical reporters.
The instant perceptible feature of magnetic stray fields by a magnetic field sensor may further
enable fast code readout. Magnetic materials have been mainly explored in terms of bringing
an additional degree of freedom for manipulation of suspension arrays, which has proven to be
efficient to enhance the reaction kinetics and facilitate code handling [176, 182]. Nevertheless,
the development of MSAT based on well-distinguishable magnetic encoding information is still
hampered by the lack of direct access to the magnetic content during code preparation, and hence
the lack of quality control and the ability to screen over the properties of individual magnetic
entities. In this respect, smart systems are needed to direct decisions and imparts quality
administration and screening over the properties of individual encoded microparticles. With
MASD, the here-realized microfluidic system is capable of controllably synthesizing encoded
magnetic suspension arrays to ensure 100% success rate of discrimination. The deterministic
control over individual entities, which is not feasible with existing batch synthesis methods
in bulk solutions [183, 184], represents the very first approach to controlling the quality of
the encoded magnetic microcarriers. Furthermore, we show that the versatile system enables
to deterministically assemble encoded droplet templates on demand, which is promising for
synthesis of position-indexed suspension arrays of high capacity in microfluidic networks.
To this end, the fully operational droplet-based magnetofluidic system enables the flow
cytometric identification and screening of magnetic suspension arrays which can be control-
lably synthesized in microfluidic networks and potentially conjugated with ligands for highly
multiplexed bead-based assays.
6.1 Magnetic suspension array technology
The concept of MSAT is based on encapsulating distinct amounts of magnetic coding materials
into single microcarriers to produce identifiable magnetic stray field patterns with a developed
magnetic flow cytometric platform. However, conventional bulk synthesis approaches [183, 184]
to obtain well-identifiable magnetic field patterns is challenged by the incapability to control
over the properties of individual entities, e.g. the amounts of magnetic content and the size of
encoded microcarriers which determine whether well-identifiable magnetic stray field patterns
can be produced. In this respect, droplet microfluidics offers an efficient format to impart
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Figure 6.1 (a) Conceptual image illustrating magnetic suspension array technology enabled by a magnetic
flow cytometric system for controlled selection (a1) and identification (a2) of magnetic suspension arrays. A
pool of magnetic microcarriers of unknown properties can be selected out (a1) into different batches based
on analyzing the detection peak pattern corresponding to a selected property, e.g. magnetic content and
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from the others in terms of the selected property, which is analogous to fluorescent ‘color’ coding. (b)
Rationally designed microfluidic flow circuit for the synthesis of magnetic hydrogel suspension arrays in the
system equipped with an active selection functionality. Qa and Qm are the flow rates of alginate solution and
magnetic nanoparticles (MNPs), respectively. (b1-b4) Micrographs corresponding to the regions enclosed
by dashed squares in the schematic flow circuit. (b1) Micrograph of the droplet formation module where
alginate solution and MNPs are coencapsulated in droplets with a hydrodynamic focusing design. (b2, b3)
Micrographs of an integrated magnetic sensor (sensor-1) for active selection of droplets into the designed
channel where a second sensor is integrated downstream (sensor-2) for verification. (b4) Gelation zone
where oil with Ca2+ is injected from the top side channel. (b5) Collected magnetic hydrogels at the system
output. Scale bar: (b1-b4) 200 µm, (b5) 100 µm.
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control over the entities to be synthesize [12, 16, 69, 185], as this format allows reagents to be
encapsulated into discrete droplet containers separately by an immobile oil phase and individual
droplet containers can be interrogated. The prior results as shown in previous chapters indicate
that magnetic stray field patterns of droplets encapsulating magnetic nanoparticles evolve with
the change of droplet contents and sizes, which may serve as unique features of droplet containers
when they are used as templates for synthesis of encoded magnetic microcarriers.
We develop the micro-magnetofluidic in-flow cytometric system based on GMR sensors to
locally access, analyze and select the properties of magnetic droplets in microfluidic networks
into different batches of distinct properties as suspension arrays (Figure 6.3a). As demonstrated
in previous chapters, the GMR sensors when patterned into micrometer size (compatible to the
objects to be detected, in this work, a meander shape consisting of 9 turns of stripes of width 6
µm and length 100 µm, Figure 6.2) response sensitively to the local variation of magnetic stray
field that may result from the change of the magnetic content and the volume of the droplets
down to picoliters. The detected peak pattern as featured by local signal maxima and minima
reflects the characteristic local maxima and minima of magnetic stray fields of the droplets
concentrated at the ends. Thereby, the essence of the concept of MSAT lies in reliably creating
and identifying magnetic stray field patterns that can be characterized by well-distinguishable
detection peak patterns with a magnetic field sensor. In the spirit of optical flow cytometers for
fluorescent-activated sorting, the system is equipped with a magnetic-activated sorting function
by integrating mechanical membrane valves [152] in microfluidic networks (Details provided in
Chapter 3). When actuated and triggered by the detection signal of the magnetic field sensor,
the membrane of the polydimethylsiloxane (PDMS) can be deflected by compressed air to close
the bottom flow channel so that to the flow trajectory is changed due to the alteration of flow
resistance. In this way, droplet templates can be isolated for further processing based on their
interrogated properties.
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6.2 Controlled synthesis of magnetic suspension arrays
By integrating the system with conditioning circuits, the system offers the capability of active
control over individual droplets via logic selection (Details are provided in Chapter 3). It hence
allows us to perform deterministic operations over individual entities for controlled synthesis
in microfluidic flow networks. With rationally-designed microfluidic networks (Figure 6.1b),
we demonstrate controlled synthesis and quality administration over the properties of encoded
magnetic microparticles enabling for suspension array technology. For this particular purpose,
we chose alginate hydrogel as the matrix of magnetic suspension arrays. To synthesize magnetic
hydrogel-based suspension arrays, Ca2+ ions are used to crosslink the guluronic acid blocks of
neighboring polymer chains of alginate via interactions with carboxylic groups in the sugars
to form the gel networks [186]. We encapsulate firstly superparamagnetic nanoparticles and
alginate solutions in droplets by a flow focusing geometry [42], and employ an internal flow
recirculation mechanism in droplet microfluidics to mix the two components (Figure 6.1b1).
Ferrofluid superparamagnetic nanoparticles of magnetic cores less than 50 nm do not retain
magnetic moment without applying an external magnetic field. Hence, there is no agglutination
issue typically arising from magnetic dipolar interaction and thus facilitating the quantification
and reproducibility of the magnetic content loaded in a single droplet template. Moreover, unlike
conventional bulk synthesis methods, the active droplet selection module with an integrated
magnetic field sensor (Figure 6.1b2, sensor-1) in the flow circuit enables to select droplets based
on the signal readout of the sensor into a desired output channel, where Ca2+ ions are introduced
from a side channel right after the second magnetic field sensor (Figure 6.1b3, sensor-2) to fully
crosslink the alginate matrix near the exit of the microfluidic flow circuit (Figure 6.1b4). With
this rationally designed route, all magnetic microgels are produced of desired regular spherical
shapes (Figure 6.1b5 and Figure 6.3). Such a flow circuit design avoids the typical operations of
droplet reactors for synthesis. For instance, the co-injection of all components such as magnetic
particles, alginate and Ca2+ in the droplet containers is most likely to result in an uncontrolled
irregular shape of hydrogels with only about 34% loaded with homogenous content (Table 6.1).
Table 6.1 Particles synthesized by direct injection
Particle types Number Percentage
I: not completely filled 60 40%
II: filled but not homogenous 38 26%
III: filled and homogenous 50 34%
To demonstrate the direct access to the magnetic content of the microgels during synthesis,
we change the flow ratio of the two components of magnetic nanoparticles and alginate solutions.
With distinct flow ratios, different batches of alginate droplets can be produced with different
dominant concentrations of encapsulated magnetic particles. These produced magnetic alginate
droplets are detected by the sensor-1, as the real-time data are featured with isolated detection
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TypeI
Type II
Type III
a b
Figure 6.3 (a) Micrograph of magnetic microgels synthesized by direct injection of magnetic nanoparticles,
alginate solutions, and CaCl2 solutions in to the microfluidic channel by coencapsulation. The formed
hydrogel particles are featured with random distributions of magnetic particles and cross-linked alginate
inside the droplet compartments. Colored dashed circles classify several types of microgels with increasing
homogeneity of the loaded content inside the droplet reactors. Type I, red: not completely filled; type II,
blue: completely filled but not homogenous; type III, yellow: completely filled and homogenous. Scale bar:
300 µm. (b) Micrograph of magnetic microgels after drainage of oils on a substrate, which are synthesized
following the rationally designed flow circuit as described in the main text. The magnetic hydrogel particles
are featured with stable forms of spheres with homogenous distribution of magnetic particles. In contrast,
an uncross-linked alginate droplet is featured with magnetic wrecks as pointed by a red arrow. Scale bar:
100 µm.
peaks (Figure 6.4a). Hence, the scattered signal amplitude reflects a deviation in the distribution
of encapsulated magnetic particles while the varied median/mean values of the scattered plots
evidence the variations of the dominant concentrations of encapsulated magnetic content
produced by different flow parameters (Figure 6.4b). This provides information on the magnetic
properties and their distribution in a batch. This quantitative information was not accessible
before with conventional bulk synthesis methods, though closely relevant to produce magnetic
suspension arrays. The result also suggests that despite of the intrinsic advantages of droplet
microfluidics for synthesis based on emulsion templates, deviations of the encapsulated content
possibly arising from flow instability, tubing connections and pumps should be practically
considered. However, by introducing the quality control stage in the system, we can perform
active selection (gating) of the alginate droplets which are subsequently cross-linked into
microgels and assigned into a single batch as one type of magnetic suspension arrays. In this
case, the distribution of magnetic properties from bead to bead in a batch can be determined
while forming a batch. This feature is crucial to predefine the properties of suspension arrays
utilized for encoding which can be eventually applied for flow cytometric screening.
Apart from the direct access to the magnetic properties of droplet templates, the signal of
the sensor-1 can be used to switch the flow. For instance, a batch of droplet templates with the
detection signals falling in between two predefined high and low threshold voltages are selected
out of the initial train of droplets detected by the sensor-1, as verified by the signals detected by
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Figure 6.4 (a) Real-time monitoring of the magnetic content of alginate droplets by flow regulation,
i.e. changing different flow ratios of alginate and magnetic nanoparticles. Here Qa is the flow rate of
alginate solutions and Qm is the flow rate of magnetic nanoparticles. (b) Distribution of the detected signal
amplitude for different batches of droplets produced with different flow parameters. Here Qa and Qm is
the same as in (a). The signal amplitude is extracted from the detection peaks in (a). The right vertical
axis is the corresponding concentration of magnetic nanoparticles calibrated against the detected voltage
signals. Each data set is presented as a scatter and a Tukey box plot (the box frames the data with standard
deviations, the line shows the median; the square, the mean value; and the whiskers are the upper and lower
fence of the data). (c) Real-time detection data of a train of alginate droplets carrying various amounts of
magnetic content by sensor-1 as shown in Figure 6.1b. A high and a low threshold voltage are defined to
actively select a batch of droplets with detected voltage signal amplitude falling in between the high and
low threshold values. The bottom spanel shows the detected signals of the sensor-2. Vertical bars above
the detection peaks indicates the droplets that are actually sorted out. (d) Distribution of the detected
signal amplitude and corresponding concentrations of magnetic content of the whole batch of droplets, the
sorted batch, and the rest (unsorted). The horizontal dashed lines are the high and low selection thresholds
as in (c)
the sensor-2 (Figure 6.4c). Thereby, as shown, we are capable of actively gating a population of
droplets of a wider deviation in the magnetic content into a batch with about 3-fold improvement
in the deviation of the magnetic content (Figure 6.4d). With the precision of the magnetic
field sensor in differentiating voltage signal difference down to 3 µV, the precision of the system
in isolating droplet templates of various concentrations of encapsulated magnetic content is
estimated down to about 1 mg/mL. The precision enables the system to practically produce
magnetic suspension arrays based on most commercially available ferrofluid superparamagnetic
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nanoparticles, e.g. EMG series (Ferrotec), fluidMAG (ChemiCell) with stock concentrations up
to a few tens of mg/mL.
6.3 Magnetic in-flow cytometry
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Figure 6.5 (a) Multiparametric scatter plot of two batches of magnetic droplet templates characterized by
their size and concentration of encapsulated magnetic content. The two batches of droplets are produced
by two distinct flow ratios of alginate and magnetic nanoparticles without active selection: (a1) Qa/Qm
= 4 and (a2) Qa/Qm = 1/4. Each point indicates a detection event of a droplet. The color map shows
the probability (P) of a detection event belonging to the original batch evaluated by a statistical algorithm
(Details are given in Methods). (b) Discrimination result of the mutual allocation of the detection events
between two batches of magnetic alginate droplets (batch 1 and 2 as in (a)) without active selection. The
height of the bar shows the number of the detection events and the color indicates the batch where the
detection events originally belong to. The number 22% indicates the total error rate of discrimination. (c)
Multiparametric scatter plots of different batches of droplets produced by active selection. (c1-c4) Batch
A and Batch B are selected out with the same threshold voltage (zero confidence margin) as indicated
by the black dashed line. Batch C is selected out by setting a lower threshold voltage (red dashed line)
further apart from the higher threshold voltage (non-zero confidence margin). (d) Discrimination result
of allocating the detection events between two batches of droplets (batch A and B, or batch A and C)
produced by active selection. The numbers 8% and 0% indicate the total error rates of the discrimination
One of the crucial aspects to practically apply suspension array technology for high-
throughput screening is that the encoded microcarriers need to be well identified on the
fly. Different batches of purified magnetic hydrogels represent different types of encoded mi-
crocarriers, in this respect, providing distinct magnetic signals, which is analogous to optically
encoded microparticles exhibiting distinct colors. The encoded magnetic microcarriers can be
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purified and identified into different batches (analogous to optical colored codes) by the developed
magnetic flow cytometric system with an integrated magnetic detector. To demonstrate the flow
cytometric screening of different batches of encoded microcarriers, we apply a standard flow
cytometric analysis method based on the size and the concentration of encapsulated magnetic
content of different batches of magnetic alginate droplet templates which are physically purified
and isolated by our selection module prior to their gelation. To compare the distinguishability
of different batches produced, we apply the supervised discriminant analysis technique (Chapter
5) to allocate the detection events (scattered points) from two different batches of particles into
each other. The probability of a detection event belonging to its original batch is illustrated with
a color map (Algorithm is provided in Chapter 5). For comparison, with two sets of distinct flow
rate ratio (typical to load distinct amounts of species in droplets) but without active selection,
it is found that the detection of the two batches of as-produced droplet templates show a large
signal overlap, leading to a large rate of misallocation of 22% (Figure 6.5a, b). This result points
out the importance to implement the quality control module for synthesis of suspension arrays.
By active selection, two batches of droplets produced by one set of flow parameters isolated by
the same threshold voltage (zero confidence margin, Figure 6.5c1, 2) already shows a reduced
error rate of discrimination about 8% (Figure 6.5d1). To further increase the discrimination
capability, another batch of droplet templates is selected at a different threshold voltage well
separated from the initial one (non-zero confidence margin, Figure 6.5c3, 4). Hence, 100% of
discrimination efficiency can be achieved, i.e. between batch A and C (Figure 6.5d2). Such
multiple selections of magnetic alginate droplet templates with quality control enables the
system to deterministically produce well-distinguishable encoded suspension arrays.
As it was shown that the detected signal peak width is proportional to the size of the
droplets (Chapter 5), the system can be extended to select magnetic alginate droplet templates
of different sizes by defining a threshold peak width for selection into different batches. The
system is capable of isolating droplets with tolerance down to 2 µm with a high sorting fidelity
(Table 6.2). This result opens up the possibility to encode microparticles which may rely not
only on the loaded magnetic content, but also on other physical parameters, e.g. the size, and
thus boosting the encoding capability.
Table 6.2 Size-based sorting
Tolerance (µm) Beyond tolerance Within tolerance Fidelity
OUT A OUT B OUT A OUT B
2 7 2 196 138 97
4 3 1 200 139 99
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Figure 6.6 (a) The diameter (D) of droplets as a function of the droplet length (L). Lines are guide to the
eye. (Inset) Micrograph of sorting droplets into two output channels. (b) Histogram of the size distributions
of droplets sorted in two output channels. The sorting threshold is indicated by a dashed line, which is
determined from the threshold peak width defined for sorting. A tolerance value is denoted by ∆σ, which
defines a range between (threshold ± ∆σ) beyond which droplets are regarded as sorting errors.
6.4 Deterministic formation of droplet templates toward
high information capacity
Toward high information capacity, Zhao et al. [77–79] reported an innovative approach for
synthesis of high-capacity codes based on photonic crystals and quantum dots with double-
emulsion templates in droplet microfluidics. These templates are subsequently solidified into
single entities as suspension arrays. The existing approach relies on hydrodynamic-focusing
shear flows to encapsulate elementary droplets into templates, but it is not yet feasible to arrange
each elementary droplet to form unique sequences on demand. For simplicity, binary droplet
templates can be embodied by a train of spatially-arranged elementary droplets encapsulating
distinct amounts of magnetic material providing two distinct high and low levels of detection
signals as elementary logic bits ‘1’ and ‘0’, respectively (Figure 6.7a, b). The formulation of logic
bits ‘1’ and ‘0’ relies on the creation of two clear distributions of detected signal levels falling
in two confined regions separated with a confidence margin to ensure precise differentiation of
the binary states (Figure 6.2c, d). However, by using two T-junctions to passively produce two
types of droplets consisting of different concentrations of magnetic nanoparticles via continuous
fluidic pumping and flow regulations, the formation of the droplets is prone to establish an
equilibrium state, i.e. regular sequences consisting of alternating droplets. This indicates that
without introducing an active selection function, it is most likely to form one type of droplet
templates without switching the process (e.g. exchanging the types of elementary droplets or
flow conditions).
Under such circumstances, we propose an alternative approach by using the selection system
to accomplish the task. By defining a selection threshold falling in between the confidence
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Figure 6.7 (a) Schematic sketch of a microfluidic flow circuit with an implemented active selection module
for on-demand creation of droplet templates for high information capacity. Binary droplets loaded with high
and low concentrations of magnetic nanoparticles (MNPs-1 and MNPs-2) are produced by hydrodynamic
shear flows with two confronting T-junctions. The as-formed master droplet sequences are read by the
sensor-1 which controls the selection module to actively create desired droplet templates for encoding.
The created droplet templates are read and verified by the sensor-2 integrated downstream. (a1) and
(a2) Bright-field and fluorescent micrographs of the binary droplets formation geometry. Droplets are co-
loaded with fluorescent dyes for visualization. High-concentration MNPs are loaded with low-concentration
fluorescent dyes thus giving low contrast, and vice versa. (b) The master droplet sequence and created
droplet templates read by the sensor-1 (top) and the sensor-2 (bottom), respectively. The droplet templates
are created on the fly which correspond to the decimal integer number from 1 to 4. (c) The magnified area
of the data as indicated by a red dashed square in (b). The dashed regions show the confidence regions
with the edges defined by the 95% confidence levels of the distribution of the two distinct signal levels as
shown in (d). The high and low levels of signals are defined as logic ‘1’ and ‘0’, respectively.
regions, individual elementary droplets are actively selected by the system out of a master
sequence. In this way, unique encoding droplet templates can be formulated by virtually any
combination of elementary droplet bits of predefined length. Starting from a master sequence,
without switching the process it is feasible to realize droplet templates of any complexity and
length in continuous flow with the active droplet selection system. For instance, a series of
droplet templates composed of four elementary droplets representing ‘0001’, ‘0010’, ‘0011’, ‘0100’
which correspond to decimal numbers: ‘1’, ‘2’, ‘3’, ‘4’ are generated consecutively on demand
(Figure 6.7e). This demonstrates that meaningful encoding information can be stored inside
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the sequences. Such position-indexed sequences bear potential to boost the encoding capacity
of suspension arrays, as the total multiplexing capacity grows substantially with the number
of distinguishable signal levels (m) and the length (N) of the templates, which is given by
(mN+m)/2, (here the factor of 1/2 is used due to the inverse symmetry of the templates, for
instance, ‘0001’ is considered identical to ‘1000’ in suspension). The number of signal levels (m)
are ultimately determined by the dynamic range and the resolution of the magnetic field sensor
in selection. With the present stock concentration of magnetic nanoparticles (EMG 700 series,
75 mg/mL) and the resolution of the sensor (1 mg/mL), the maximum number of distinguishable
signal levels that can be created by selection is estimated to be in the order of 70 (without
adding the dimensionality of size-based encoding). This may require the length of the droplet
templates to be at least 4 in order to reach an information capacity exceeding 106 as generally
needed for drug discovery applications. To be noted, by properly choosing the crosslinking
agents and fluidic methods, to encapsulate droplet templates consisting of 4 elementary droplets
into single entities has been practically proven feasible by Zhao et al. [77–79].
The application of the system to deterministically create batches of well-distinguishable
magnetically-encoded microcarriers and screening with a magnetic flow cytometric platform,
offers the first solution to create non-optically encoded microcarriers as an analog of multiple
optical ‘colors’ for commercial suspension array technology. Such encoded microcarriers do not
interfere with fluorescent reporters in multiplexed bioassays and diagnostics and expand the
encoding capability of existing methods [81]. The present elementary droplet templates for
synthesis are of sizes in the order of 100 µm, a common scale for microfluidic systems. However,
the size of the templates could be downscaled and adapted to new systems with smaller channel
geometries together with the size of magnetic field sensors to simplify the existing optical
systems with less filters and light sources. Such scalability could be relevant for synthesizing
encoded particles for suspension array technology where the particles with sizes of a few tens of
micrometers are of considerable interest [81].
6.5 Conclusion
A fully operational droplet-based microfluidic flow cytometric system has been demonstrated
with the inclusion of the functionality of MASD. The system provides an important approach
for the emerging suspension array technologies [81] in terms of the ease and flexibility of code
creation, the capability of continuous-flow decoding with a compact cost-effective flow cytometric
system and the potential to achieve high information capacity. The device allows to directly
access and control the properties of individual magnetic microcarriers during synthesis, which
offers the very first solution for the quality administration of magnetic suspension arrays. The
capability to deterministically create unique droplet sequences as encoding templates holds
promise to realize high-capacity magnetic suspension arrays. Controlled synthesis of magnetic
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suspension arrays with high precision in microfluidic networks starting from tiny amounts
of magnetic nanomaterials could bring perspectives for industrial applications, for which the
system provides a seamless connection to magnetic bead manufacturers. With high degree of
process control and complete functionalities we further anticipate that it will ultimately allow
researchers and clinicians to run large-scale biological screening in microfluidic networks with
full automation.

Chapter 7
Flexible Droplet Magnetofluidic
Devices
Previous chapters have summarized the experimental realization of multifunctional droplet
magnetofluidic devices which are fabricated on rigid silicon substrates. However, to deliver
the devices worldwide to the people in need, one of the primary tasks is to reduce the cost of
fabrication and ensure high-volume delivery. A solution would be to fabricate the device on
large-area and light-weight flexible foils. In addition, a single flexible device can be cut out of a
large array, or the redundant parts of the device can be removed by cutting. Hence, this chapter
deals with the fabrication of a magnetofluidic device on flexible foils. The performance of the
fabricated flexible analytic device is studied.
Results in this chapter are based on the publication in [187].
7.1 Device fabrication
Figure 7.1 shows the schematic of the process flow, which consists of four key steps to realize a
final device on a flexible foil.
First of all, a transparent, flexible sheet of polyethylene terephthalate (PET) is chosen as a
substrate. The thickness of PET is 100 µm, which is mechanically stable to sustain high pressure
during continuous pumping in a microfluidic channel while still maintaining the advantage of
the device being reshaped as needed. The PET foils bought are characterized with a relatively
pronounced roughness (∼ 15 nm, root mean square, Figure 7.2). Previous research work in
IFW Dresden by Chen et al. [188] has shown that a rough surface of a flexible foil can affect
the interfacial-mediated GMR effect. Chen et al. [188, 189] employed a photoresist of ARP
3510 (MicroChem) to smoothen the surface, which, however, can not be adapted in subsequent
lithographic process. In our study, a photoresist of SU-8 2 (MicroChem) was chosen as the
buffer layer, considering the advantage that the resist of SU-8, when cross-linked, does not
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Figure 7.1 Fabrication process of a flexible magnetofluidic device. It includes the following steps: (1) a
layer of thin SU-8 polymer is coated on a flexible PET foil as a buffer; (2) GMR multilayers and electrical
contacts are patterned on the SU-8-buffered PET foil with standard lithography steps and magnetron
sputter deposition; (3) a second thin SU-8 polymer is coated on top of the sensor chip as an insulating
layer; (4) a PDMS-casted microfluidic channel is assembled with the bottom polymer-sandwiched GMR
sensors by N2 plasma activation. (Bottom left in panel) Schematic representation of the cross section view
of the device. Adapted from Ref. [187].
dissolve in acetone during a lift-off process. Moreover, the polymer is flexible at low thickness.
Hence, it is a good candidate of material to develop flexible magnetofluidic devices.
A low viscous photoresist SU-8 2 was chosen to keep the buffer layer of GMR sensors thin.
The substrate was pretreated by a 5-min oxygen plasma process at 40 mW to remove adsorbents.
Before coating the photoresist, TI prime (MicroChem) was coated on top of PET substrate as
an adhesion promoter. The coating speed of SU-8 2 was adjusted to 8000 rpm to produce a
layer thickness of about 700 nm. The spin-coated SU-8 2 buffer was baked at 90 °C on a hot
plate for 5 min to remove solvents and cross-linked by UV exposure using a mask aligner (Karl
Suss, MJB4). A post-baking of the photoresist was performed at 90 °C for 5 min.
Atomic force microscopic characterizations show that coating the SU-8 resist on a PET foil
flattens its surface substantially (Figure 7.2). Magnetoelectrical characterizations of (Py/Cu)30
(here Py=Ni81Fe19) multilayers coupled at the 1st and the 2nd antiferromagnetic maximum
deposited on different supports (a PET foil, a polymer-buffered PET foil and a silicon substrate)
are compared in Figure 7.2. The enhancement of GMR ratio with a polymer buffer, consist
with that reported by Chen et al. [188], can be ascribed to the enhancement of the interlayer
exchange coupling strength as a result of reduced roughness.
After coating the SU-8 buffer layer, subsequent LoC integration steps can be performed.
Details have been given in Chapter 3. Briefly, standard photolithography steps were performed
to pattern the photoresist of desired sensor geometries. Afterwards, a GMR multilayer stack
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Figure 7.2 (a) Atomic force microscopic characterizations of the roughness of a PET foil, a SU-8-buffered
PET foil, and a silicon substrate. For the PET foil, the measured area is 10 x 10 µm2, while for the
SU-8 buffered PET and the silicon substrate, the measured area is 2 x 2 µm2. GMR curves for [Py(1.9
nm)/Cu(0.9 nm)]30 (b) and [Py(1.5 nm)/Cu(2.3 nm)]30 (c) prepared on a PET foil, a SU-8 buffered PET
foil and a silicon substrate. The size of GMR sensors is 1 x 16 mm2. Adapted from Ref. [187].
[Py(1.5 nm)/Cu(2.3 nm)]30 multilayers were deposited by magnetron sputtering. Similar to
the fabrication of rigid devices, an insulation layer is needed to protect the GMR sensors from
current leakage when it is integrated into a microfluidic channel. Different from traditional
insulating approaches such as covering the sensors with a layer of brittle oxides such as SiO2
and Al2O3 [140], the sensor was encapsulated in between two layers of SU-8 2 photoresist. The
PDMS microfluidic channel of the device was prepared based on the mold-casting approach. The
assembly of the device was finalized by bonding the PDMS channel to the SU-8-encapsulated
chip with N2 plasma treatment.
7.2 Results and Discussions
7.2.1 Characterization of GMR microsensors on PET foils
To study the efficiency of the novel fabrication approach of flexible GMR sensors, the GMR
stacks are structured into rectangular stripes with a constant width of 6 µm and different lengths
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of 20, 40, 60, and 100 µm (Figure 7.3b) and the performance of these microsensors are evaluated.
As the GMR sensor stripes are patterned with two-point electrical contacts, the intrinsic GMR
ratio can be derived by excluding contact resistance. Figure 7.3a shows the change of the sensor
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Figure 7.3 (a) Magnetoelectrical characterizations of different GMR sensor stripes patterned on a polymer-
buffered PET foil. (b) Microscopic photographs of the GMR sensor stripes with different length: 100 µm
(b-1), 60 µm (b-2), 40 µm (b-3), and 20 µm (b-4). The layer stack of GMR sensors is [Py(1.5 nm)/Cu(2.3
nm)]30. (c) Plot of the maximum change of the sensor resistance with the length of the GMR sensor stripe.
(d) GMR curve of a sensor patterned into standard four-probe geometry (inset) with a dimension of 1 x 16
mm2 on a PET foil. Adapted from Ref. [187].
resistance as a functon of an applied external magnetic field for different sensor stripes. Here
the change of sensor resistance ∆R can be expressed as:
∆R = (Rq ·GMR/w)ls, (7.1)
where ls is the length of the sensor, w is the width of the sensor, and Rq is the square sensor
resistance which can be derived from a patterned GMR sensor of 1 × 16 mm2 with a 4-point
contact geometry. For GMR sensor stripes of the same layer stack (Rq = 1.69 Ω) and width (w
= 6 µm), ∆R scales with ls if the GMR ratio of these GMR sensor stripes is the same. Figure
7.3c shows that ∆R scales with ls with slope of 0.04 Ω·µm−1 indicating that these patterned
GMR stripes as shown in Figure 7.3b share an identical intrinsic GMR ratio of about 14%. This
value is derived from: GMR = kw/Rq, with k being the slope of the linear plot of ∆R against
ls. The variability of the sensitivity of these patterned GMR microsensors on a single substrate
is ± 0.05%/Oe.
A GMR sensor with a size of 6 × 100 µm2 is integrated into a microfluidic channel with a
cross-section area of 100 × 100 µm2 (Figure 7.4b). The dimension of the channel is designed to
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Figure 7.4 (a) GMR curve (black) and the field dependent sensitivity (red) of an integrated GMR sensor.
(b) (top) Color-coded micrograph of the integrated GMR sensor in a microfluidic channel. The sensor is
coded with red color and the electrical contacts are coded with yellow colors. (bottom) SEM image of a
cross-sectional cut of the device, showing the microfluidic channel, the PET substrate and the position of
SU-8 layers. Adapted from Ref. [187].
produce emulsion droplets with volumes in the order of 1 nl. Magnetoelectrical characterizations
of the integrated GMR sensor (Figure 7.4a) confirm the performance of the device with a GMR
ratio of 14% and a maximum sensitivity of 0.4%/Oe at a field of 12 Oe. With the variability of
the sensitivity of GMR sensors between substrates being within ±0.1%/Oe, the performance of
the polymer-buffered GMR sensor on a PET foil is superior to the one (0.26 %/Oe) previously
fabricated on a silicon substrate [32].
7.2.2 Mechanical performance of the device
Bending with fluids
It is important that the device can still function such as delivering liquids under bending states.
Hence, the device is connected to external tubes where magnetic nanoparticles and oil can
be injected via two separate inlets to form emulsion droplets. Two ends of the device are
gradually closed (Figure 7.5) to a minimum bending radius of 2 mm. Notably, it is observed
that droplets can still be well produced even under such an extremely bended state (radius of 2
mm), indicating the robustness of the device against external deformations.
Electrical characterizations
To test the mechanical performance of the device, the whole device (sensor size: 6 × 100 µm2)
with an integrated microfluidic channel was mounted on a mechanical loading stage on which
the device could be continuously bent, and corresponding magnetoelectrical characterizations
of the GMR sensor was simultaneously performed. Figure 7.6 shows the performance of the
integrated GMR sensor during bending tests. The total thickness of the device including the
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Figure 7.5 Performance of the fabricated device when the channels are filled with liquids to produce
emulsion droplets during bending tests. The device is gradually bent to different radius of 18 mm (a), 11
mm (b) and 2 mm (c). The magnetic nanoparticles (NP) and oil are pumped into the channels from two
different inlets. Insets show the magnified areas indicated by the dashed squares. Small dots are ferrofluid
droplets. Adapted from Ref. [187].
PDMS channel is about 2.3 mm. The device was continuously bent until two of its ends were
almost closed (Figure 7.6a), corresponding to a minimum bending radius of about 2 mm. This
value is superior to conventional inorganic materials of 100 µm thickness that can only reach a
bending limit of about 5 mm [190].
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Figure 7.6 (a) The photographs showing the device bent to a radius of 11 mm (i) and when two of its
ends are closed (ii). (b) The change of the sensor resistance as a function of an applied magnetic field
under different bending radi. Adapted from Ref. [187].
The total electrical resistance (including the sensor and electrical contacts) was measured
without applying an external magnetic field and at an external magnetic field of 300 Oe (Figure
7.7a) when the device was gradually bent to the minimum radius of 2 mm. The consistent
behavior of the measured total resistance shows that the sensor was electrically well contacted
during the entire bending cycle. A slight reduction in the saturation field of the sensor can be
observed from the measurement of the resistance change under cyclic magnetic fields (Figure
7.6b) possibly due to the magnetostriction effect; however, the sensor is still functional without
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degrading the performance, which is reflected by the constant maximum change ∆Rm in sensor
resistance with the magnetic field during the magnetoelectrical characterization (Figure 7.7b).
For the magnetic detection, the reduction in the saturation field leads to the corresponding
reduction in the sensing range for magnetic in-flow detection. However, the sensitivity of the
sensor increases from about 0.4%/Oe to about 1%/Oe with increasing bending of the device.
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Figure 7.7 (a) Dependence of the sensor resistance on the bending radius when an external magnetic
field is zero and 300 Oe. (b) The maximum change of the sensor resistance ∆R with an external applied
magnetic field (Hext) and the sensitivity as a function of the bending radius (rB). (c) GMR curves of the
sensor after 95, 320, and 510 bending cycles. (d) The maximum change of sensor resistance ∆R with an
external applied magnetic field (Hext) , as well as (e) the sensor resistance as a function of different bending
cycles. Adapted from Ref. [187].
The robustness of the device against uninterrupted mechanical deformation was tested by
reversibly bending the same device back and forth to a target radius of 8 mm (Figure 7.7).
Remarkably, more than 500 cycles of bending were achieved with the device delivering full
performance without any detachment of the microfluidic channel from the substrate. In addition,
the sensor and electrical contacts did not show any degradation in performance in terms of
the maximum change in the sensor resistance during magnetoelectrical characterization and
the measured total resistance, which is reflected in the exact overlapping of the measured
GMR curves summarizing the change in the sensor resistance with varying magnetic fields after
different bending cycles.
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7.2.3 Analytic feature of the device
Real-time detection
To demonstrate the magnetic functionality of the device, superparamagnetic ferrofluid nanopar-
ticles with a nominal particle size of 10 nm (Ferrotec, EMG 700) were encapsulated inside
the droplets formed by a T-shaped on-chip junction. The device was mounted in a real-time
measurement setup. The droplets are pumped across the surface of an integrated GMR sensor
one by one. The magnetic stray fields of the ferrofluid emulsion droplets are detected by the
integrated GMR sensor, as evidenced by the characteristic detection events of the droplets
consisting of isolated peaks of the voltage signal (Figure 7.8a). Detection of emulsion droplets
of the same size but loaded with higher concentrations of magnetic nanoparticles gives higher
signal amplitudes (about 55 µV for 75 mg/mL, about 30 µV for 37.5 mg/mL and about 10
µV for 15.0 mg/ml of magnetic nanoparticles). As the detection peak width is independent of
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Figure 7.8 (a) Real-time detection of droplets encapsulated with different concentrations of ferrofluids.
The length of droplets is 180 µm. (b) Dependence of the length of droplets on the detection peak width.
Inset depicts how the droplet length is obtained. Adapted from Ref. [187].
the concentration of magnetic nanoparticles in a droplet, it is used to correlate the individual
detection peak with each passing emulsion droplet. Hence, a clear linear dependence of the
droplet size on the peak width is observed (Figure 7.8b), which is consistent with the results
obtained in Chapter 5. The coefficient (1.3 ± 0.1 mm/s) between the droplet size and the peak
width derived from a linear fit of the data agrees well with the flowing speed of the droplets (1.5
± 0.1 mm/s, determined by video analysis) in the microfluidic channel. The deviation from a
perfect linear relationship is caused by the deviation in measuring the droplet length and the
peak width, which is because of the limited resolution (10 µm) of the optical digital microscope
(ISM-PM160L) and the slight deviation in the flow speed.
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Analysis of droplet properties
Inheriting the capability of its rigid counterpart fabricated on silicon substrates, the flexible
device is capable of resolving magnetic emulsion droplets in terms of the size and encapsulated
magnetic content. Hence, it finds its application in analyzing the distribution of the droplet size
and concentration of magnetic nanoparticles over large arrays. For example, histograms of the
peak width and amplitude can be used to statistically analyze the distribution of the size and
concentrations of magnetic nanoparticles in a large scale of emulsion droplets, respectively. A
Gaussian fit to the histogram reveals that the average size of around 1000 as-produced droplets
is about 200 µm with a standard deviation of 12 µm (Figure 7.9a), while Figure 7.9b analyzes
the magnetic content of more than 1000 droplets encapsulating different concentrations of loaded
magnetic nanoparticles.
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Figure 7.9 (a) Histogram of the detection peak width for around 1000 emulsion droplets containing
magnetic nanoparticles of 37.5 mg/mL. The top x-axis denotes the corresponding droplet length. The red
curve shows a Gaussian fit to the histogram. (b) Histograms of the detection peak amplitude for more than
1000 emulsion droplets with different concentrations of encapsulated magnetic nanoparticles (15.0 mg/mL ,
37.5 mg/mL and 75.0 mg/mL). The top x-axis corresponds to the concentration of encapsulated magnetic
nanoparticles. The curves show Gaussian fits to the respective histograms. Adapted from Ref. [187].
7.3 Conclusion
A novel approach to fabricating flexible microfluidic devices on PET foils has been developed.
GMR sensors have been encapsulated inbetween flexible SU-8 polymer layers to ensure the high
performance and successful operation of the device. The device retains a high GMR ratio of
about 14%, which is comparable to those fabricated on rigid silicon substrates. Further, the
device achieves remarkable mechanical properties, i.e. a minimum bending radius of 2 mm and
over 500 cycles of bending, holding promise for the long-term stability of the device for practical
settings. The magnetic functionality and analytic feature of the device have been demonstrated
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in the detection and analysis of a large populations of droplets encapsulating various amounts
of magnetic particles and sizes. Compared with existing magnetic flow detectors fabricated on
rigid substrates, the direct advantages the approach provides are the prospect of cost-efficient
and large-scale production due to the low cost and light weight of flexible foils.
Chapter 8
Conclusion and Outlook
8.1 Conclusion
Confronted with the drastic demographic changes, new technological platforms are called for to
reduce the burden of modern healthcare system. Droplet microfluidics provides a unique format
by employing discrete femto- to nanoliter droplets as sample containers for massively parallelized
screening [16]. This format bears strong advantages by offering potentially high throughput and
reduced cost. Hence, it is promising to reduce the burden of modern healthcare system and is of
particular importance for resource-limited settings. Despite the remarkable achievements made
in recent years, there are still challenges confronting with the applications in, e.g. large-scale
screening, point-of-care diagnostics and assays: (1) the existing indexing schemes with encoded
carriers, either for on-chip screening with droplet containers or off-chip with suspension array
technology are mainly based on optics, for which bulky and expensive optical components are
typically involved. Hence, there has been a constant pursue for new technologies and materials
allowing for facile code generation and fast code readout by a cost-effective and compact system;
(2) In spite of various compact functional detection elements available, the realization of a
multifunctional compact screening system that is capable of performing complexing tasks such as
indexing, quantitative analysis and process control has proven elusive. This dissertation attempts
to exploit the advantages of magnetic in-flow detection principle to realize a multifunctional
compact magnetofluidic system in order to address the above challenges.
The dissertation presents the development of a multifunctional droplet-based magnetofluidic
platform by exploiting the intrinsic advantages of magnetic in-flow detection principle. The
methodologies behind a novel technique, namely, magnetic in-flow cytometry, have been put
forth and realized with a microfluidic system encompassing the functionalities of magnetic
indexing, quantitative multiparametric analytics and magnetically-activated sorting. With
the guidance of the specific requirements of general screening applications, the study of the
dissertation introduces novel methodologies and protocols to realize indexing, quantitative flow
cytometric analysis and delicate process control, and demonstrates new approaches promising
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for cost-efficient fabrication and high-volume delivery. Until recently, these aspects remained
the major barriers toward the realization of a compact multifunctional magnetofluidic system
for point-of-care screening applications and resource-limited settings.
In this dissertation, magnetic indexing scheme has been introduced to droplet microfluidics
which is intrinsic and essential to the magnetofluidic system [31]. The indexing scheme is
demonstrated to encode variants, e.g. different concentrations of drugs encapsulated in droplet
containers. For the particular demonstration, penicillin functionalized with fluorescent dyes is
coencapsulated with magnetic nanoparticles into droplets. While fluorescent dyes are used as
conventional optical codes which are decoded with an optical decoding setup, an additional
dimension of droplet codes are created by using magnetic nanoparticles as magnetic codes
and an integrated GMR sensor as the corresponding magnetic decoding element. When
combined with magnetic codes, the encoding capacity can be increased by more than 1 order
of magnitude compared with that using only optical codes, that is, the magnetic platform
provides more than 10 unique magnetic codes in addition to each optical code. The proposed
and demonstrated magnetic indexing scheme lays the foundation for the subsequent development
of a multifunctional magnetic flow cytometric system.
Inheriting the magnetic indexing scheme and toward a generic magnetic screening platform,
i.e. magnetic flow cytometry, quantitative analytic capability should be realized. Hence, a
quantitative analysis approach has been put forth to analyze and discriminate magnetically-
encoded droplets that may potentially carry a variety of variants. Rather than merely analyzing
the amplitude of the signal detected by a GMR sensor, another parameter, the width of detection
peaks is included for multiparametric analysis [32]. The amplitude and the width of the detection
peak correspond to the amounts of encapsulated magnetic content and the size of droplets,
which serve as characteristic features of the droplet containers. A solid protocol has been
established to effectively extract the parameters and analyze the droplets. A technique of
supervised discriminant analysis (SDA) has been applied to substantiate the analysis [33]. As
an example, droplets produced with differences in the concentration of magnetic nanoparticles
of 2.5 mg/mL and the size of 0.2 nL have been successfully discriminated with high accuracy
(98%). The study of the measurement results based on different sizes of GMR sensors suggest
that the size of the sensor should be smaller than the droplets of interest to boost the analytic
performance [34]. The strength of the magnetic field is found to affect the shape of droplets due
to magnetic stretching. However, the results point out that by geometrically elongating the
droplets, the effect of stretching can be eliminated. The demonstration of the multiparametric
analytical technique for droplet magnetofluidics suggests the potential application of the device
to discriminate droplet properties for, e.g. magnetic agglutination assays. Furthermore, the
method of SDA provides a means to evaluate different flow parameters used for droplet formation
and to screen encoded magnetic microparticles, which is of great importance in droplet-based
multiplexed assays and magnetic suspension array technology so as to improve the screening
capability.
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With the proposed and realized magnetic indexing scheme and flow cytometric screening
methodologies, the system has been further equipped with the functionality of magnetically-
activated sorting of droplets. To this end, the as-realized multifunctional magnetofluidic system
has addressed a common pursue for on-demand creation and on-the-fly decoding of encoded
microcarriers with a compact system, which is important for suspension array technology.
More explicitly, the system enables controlled synthesis and quality administration of magnetic
suspension arrays based on droplet templates. With the deterministic control over individual
droplet templates during synthesis, different batches of magnetic suspension arrays have been
produced allowing 0% rate of misassignment. The magnetic analog of ‘fluorescent coloring’
has thus been realized with this technique. Furthermore, with the active selection function
in microfluidic networks, the system addresses the universal demand for process control in
microfluidic networks, i.e., allowing to create droplet templates for synthesis on demand, which is
important for synthesis of suspension arrays of high information capacity. The system offers the
very first solution to the practical realization of magnetic flow cytometry enabling for magnetic
suspension array technology, for which the confronting challenges such as the direct access to
the magnetic content and the quantitative analysis of the encoded magnetic microcarriers have
been overcome.
To bring the device to most people in need which is of particular importance under resource-
limited conditions, one of the primary tasks is to reduce the cost of fabrication and allow
high-volume delivery of the device. To address this goal, a novel fabrication approach has been
demonstrated by fabricating GMR sensors on a flexible PET foil [187]. The performance of
GMR sensors on flexible PET foils are studied and found to be retained at high levels as those
fabricated on rigid silicon substrates by introducing an additional polymeric buffer layer to
smoothen the substrate. The flexible droplet magnetofluidic device can be bent down to a
minimum radius of 2 mm and retains its full performance after more than 500 cycles of bending
test. The excellent performance of the device suggests the remarkable mechanical stability of
the device, promising for its future long-term applications in practical operations.
8.2 Outlook
The developed methodologies and functionalities in this dissertation lead to a range of possibilities.
However, several aspects remain to be addressed in the future research.
8.2.1 Improvement of the sensitivity of the device
The device sensitivity is determined by the overall performance of all necessary components,
including the sensitivity of the magnetic sensors, the thickness of the insulation layer, the size
and the geometry of the sensors. For demonstration purposes, this dissertation employs GMR
sensors as the sensing elements to explore all the key functionalities of a flow cytometric system.
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The sensitivity of the GMR sensors are comparable to the same types of GMR sensors that
are employed and reported in the community of magnetic detection based on different formats
(Table 8.1), such as planar microarrays [133, 134, 191–198] and single-phase continuous flow
systems [137–142, 145, 199–202]. The resultant device sensitivity already allows to detect most
of the commercial available ferrofluid particles for droplet indexing and controlled synthesis of
magnetic suspension arrays. However, a magnetic sensor with an even higher sensitivity would
be advantageous to improve the overall performance of the device, which could expand the
applications of the system in detecting even smaller amounts of magnetic labels for ultra-sensitive
biological assays and diagnostics. More sensitive magnetoresistive sensors, i.e., TMR sensors
could be considered for this purpose [203, 204]. Moreover, as indicated by our study, most of the
magnetic stray fields that can be detected by the sensors are localized to the sensor’s position.
Hence, novel sensor architectures, e.g. 3D rolled-up magnetic field sensors [142] should meet the
need to collect magnetic fields in all directions, which could improve the device’s sensitivity.
Even further, as the minimum volume of droplets or particles that can be detected by the
sensor is closely related to the size of the sensor, further reducing the size of the sensors to be
compatible to the targets of interest is needed. This aspect is important when the system is
used to detect magnetically-functionalized cells or microbeads. The dissertation introduces a
novel polymeric encapsulation approach which not only allows to insulate the sensors, but also
maintains the flexibility of the device which is crucial to achieve the remarkable mechanical
properties of long-term operations [187]. With a low viscous SU-8 polymer, a thickness of about
700 nm is realized. The thickness could be further reduced to improve the device sensitivity by
diluting the polymers with compatible solvents, or choosing other polymers such as polyimide
by using surface modification.
8.2.2 Toward biomedical applications
The dissertation uses magnetic nanoparticles for proof-of-concept demonstrations. Function-
alization of magnetic particles with ligands provides an interface between the system and its
biological relevant applications [205]. In this respect, magnetic measurements offer the possibility
of directly decoding (detection) real samples (e.g. human plasma, blood, and turbid fluids) as
they are not affected by matrix interferences. The demonstrated functionality, i.e. multipara-
metric analytics, enables the analysis of the changes of droplets (induced by the presence of an
analyte) in terms of the size and the encapsulated magnetic content with respect to the reference
(without analyte) [33]. This will become feasible when the particles are functionalized with
detecting ligands which are complementary to the target analyte. The synthesized magnetic
suspension arrays can be also functionalized with different types of different detecting ligands
for multiplexed assays [81]. Hence, it is envisioned the general applications of the system as its
conventional counterparts such as microtiter plates and plate readers, as well as optical flow
cytometers, which can adapt to specific applications when specific detecting ligands and analytes
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are chosen. The system itself does not provide the capability of visualization, which, however,
is particularly important for cell-based research. The methodologies of droplet indexing as
proposed and demonstrated in this dissertation could provide an important complementarity
to existing techniques relying on optics to boost the overall performance of cell-based research
where the study of the interaction of cells with a variety of variants is needed.
8.2.3 Synergetic integration of functional modules
The development of droplet microfluidic systems deals with interdisciplinary subjects involving
engineering, materials science, physics, chemistry and biology. Towards the eventual com-
mercialization and replacement of conventional medical instrumentations for, e.g. large-scale
drug design and discovery, highly multiplexed assays and clinical diagnostics and combinatorial
chemistry, synergistic development and seamless connections of different functional modules for
reliable on-chip sample operations, detection, and process controls should be feasible.
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